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What is particle?


What is spin?


What is higher spin particle?

How do we define a theory?


How do we define the theory of higher spin 
particles?



Particles

• Everything we see around us is made of 
particles

Matter

Molecules

Atoms

• Quarks, gluons and electrons are some of 
the elementary particles



Particles

• Particles that we know exist today are 
organised in the table of Standard Model of 
Elementary Particles


• They are divided in quarks, leptons, gauge 
bosons and scalar boson


• Quarks are basic ingredients that build 
nuclei of an atom 


• They can interact via all force carriers


• Leptons interact with all force carriers 
beside gluon


• Electrons build atoms
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Particles

• Muons - byproduct of cosmic ray 
interaction  with atmosphere


• Tau and heavier quarks - appear in exotic 
nuclei and are found in accelerators


• The force carriers, are responsible for the 
interaction between the particles


• The Higgs particle is responsible for giving 
a mass to other particles
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Particles

• Historically, people new about existence of 
electric force for long time:


• The Ancient Greeks knew that amber 
attracted small objects when rubbed with 
fur


• Sir Joseph John Thompson then in 1897 
discovered electron particle


• There was a zoo of hadrons discovered 
beginning of the 20th century, but it wasn’t 
until mid 20th century Murray Gell-Mann 
and Georg Zweig came up with 
classification of hadrons


• Boom of particle discoveries at Stanford 
linear collider in 60s and 70s: u,d,s,c



Particles

• They are grouped by their properties:


• mass,


• charge, 


• spin 


• and their gauge group:  weak, strong, 
electromagnetic interaction, and gravity

charge of an electron

speed of light
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• These are the particles that we know exist today, and that we have 
measured


• What about other particles?


• One of the candidates for that underlying and unifying theories of 
everything is theory of higher spin particles, or higher spin theory


• We have seen that that the know particles have spins 0, 1/2 and 1


• There is also yet undiscovered particle of spin 2 that we know about 
which is graviton


• First, let’s see what is spin actually?



Spin

• What is angular momentum?


• Orbital analog of linear momentum                                                                       
body of mass m moving with speed v                                                               
has linear momentum       

~L = m~v~r
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Spin

• It is conserved


• Example 1.  Changing the radius of the mass will cause faster rotation              
https://www.youtube.com/watch?v=49zi_73pm1Q


• Example 2.  In a closed system the angular momentum can transfer from one          
part of the system to another                                                                              
https://www.youtube.com/watch?v=ISImuPcmiC4

~L = m~v~r
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Example 1.

https://www.youtube.com/watch?v=49zi_73pm1Q


Example 2.

https://www.youtube.com/watch?v=ISImuPcmiC4


Spin

• external magnetic field magnetised the iron


• electron in the outer shell of iron aligned 
their spins


• they act as tiny bicycle wheels


• their shifted angular momenta needs to be 
compensated by rotation of the cylinder


• we imagine spin of an electron as bicycle 
wheels, BUT


• electrons definitely DO NOT spin as bicycle 
wheels


• they possess specific angular momentum

Einstein - de Haas effect, 1915



Spin

• Spin of an electron somehow exists without classical rotation


• It is a quantum property of a particle, like mass or various charges


• It is related to fundamental structure of matter and we want to see what it 
really is



• First indication of spin-like properties was Zeeman effect


• he was looking at specific wavelengths of photons when electrons jump between energy 
levels


• these levels split when atom is put in external magnetic field


•



• Zeeman effect was explained by Lorenz:


• Electrons that rotate around atom have magnetic moment, and create 
magnetic field, like tiny magnet


• Different alignment of that orbital magnetic field along external magnetic 
field turn one energy level into three


• Anomalous Zeeman effect: Sometimes this energy levels split further, as if 
electron has its own magnetic moment


• So we get alignment of both, orbital magnetic moment, and electron’s 
internal magnetic moment that contribute to new energy levels



• For that to explain the spin of an electron we need to think of them as 
spinning balls of charge, but that brings problems


• To achieve the experimentally measured values, electrons should be 
rotating faster than a speed of light


• That was discovered by Austrian physicist, Wolfgang Pauli


• He had to assume that electrons have maximal possible size 


• Pauli didn’t like that idea and described the property as “classically non-
describable two-valuedness”


• electrons are not spinning, but they act as if they have angular momentum



• Electrons have quantum spin


• it is completely quantum mechanical


• it gives them intrinsic angular momentum


• due to it, charged particles get magnetic field


• experiment that finally convinced community into the quantum properties 
of spin of a particle was Stern-Gerlach experiment in 1921:


• Atoms of silver are sent through magnetic field that is stronger above (near 
north pole) and weaker going down (at south pole)



Stern-Gerlach experiment

• silver atoms have one electron in their outer shell which grants the atom magnetic moment


• because of that moment external magnetic field will induce a force on the atoms


• the direction of that force depends on where the little magnetic moments are pointing, 
relative to magnetic field 


•



Stern-Gerlach experiment

• in classical picture the atoms with perfectly aligned moments are deflected the most


• most of them would be somewhere in the middle because of their random orientation


• However, this is not what is observed, the observed spots where the atoms hit the screen 
are the two most extreme deflections


•



Stern-Gerlach experiment

• if we add another set of magnets but rotated to make magnetic field 
horizontal, and let the beam of atoms through it, classical dipoles oriented with 
90 degrees to the field, would not feel a force on them


• However the silver atoms again land on the screen in two maximally distanced 
positions, but rotated horizontally


• Direction of magnetic moment of the electrons is fundamentally quantum


• Direction of the property of the spin is quantised - it takes only specific values


• That direction depends on the direction in which we choose to measure it



• Spin of particles like an electron, that is 1/2 
is in quantum mechanics described by 
spinors


• We can think of it as an objects that needs 
to be rotated two times for 360 degrees in 
order for it to come to original state


• One can imagine the cube attached to 
walls by ribbons, we need to rotate it two 
times for it to come to original position



• Another property of the spin 1/2 particles is 
Pauli’s exclusion principle


• If we have particles with spin 1/2 we cannot 
put two same particles in one state


• The particles of integer spin, for example 
spin 0,1,2 are called bosons, and we can 
put arbitrarily many such particles in the 
same state



Gauge theory

The name comes from the rod used to measure 
railways.

It is not important the size of the gauge as long 
as the same size is used along the railways.


It was later used by Hermann Weyl to describe 
importance of scale in physics




Gauge theory

• Lets say that we have a particle, one of 
those quarks, for example up  quark in one 
position on the manifold


• On another place we have another up 
quark


• We want to examine their property of           
color


• We draw the color space as axis in 
direction of red, green and blue


• The quark is given as a vector in this space


• We can set vectors pointing in the same 
direction and say two quarks are equal, 
which is a global property



Gauge 

• We can also say that they are equal when 
each of them rotates locally


• This is where gauge comes into play


• To compare it to another quark, we have to 
transport one vector along the path, so    
that the vector keeps its direction


• To do that we need a connection


• The role of the connection field is played by 
a gauge field, which is in this case gluon


• The symmetry that allows us to do that is 
SU(3) symmetry


• All quarks have SU(3) symmetry

• They are invariant in the SU(3) color space


• Quantum chromodynamics  (QCD)  

• Strong force

Gauge theory



Gauge

• Electromagnetism (19th century)


• Second example are electrons


• If we have two electrons at two points in 
space we want to compare to see if they 
are the same


• They are described by two complex 
numbers 


• There is U(1) symmetry


• U(1) rotation in the complex plane
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• electron is a complex field which I rotate by 
an angle


• I can rotate it separately at every point in 
space


• Whole theory is symmetric invariant under 


•   is not physical but implies existence of 
photon field


•             photon field is a connection in the 
U(1) symmetry of the complex rotation of 
the electron field


• that is the reason we have electromagnetism
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transport the electron from one point to 
another, we need a connection which is a 
separate field (photon) with its own 
dynamics   

Gauge theory



Gauge 

• Strong force in this picture has connection 
field gluon (there is 8 of them, one gluon for 
every different way I can rotate quarks)


• It is a consequence of SU(3) color 
symmetry


• Specific version of Yang-Mills theory


• In 1950-is Chen Ning Yang and            
Robert Mills compared electromagnetism 
and said in higher dimension there should 
be these non-Abelian theory (the order how  
we do the rotations is important)


• internal symmetry

Gauge theory



Gauge

• Weak force 

• rotations of                     ,


• SU(2) symmetry: gauge fields are gauge 
bosons W and Z,  the symmetry is broken


• Gravity 

• idea came from Ryoyu Utiyama in 60-s, 
soon after YM proposed gauge theory


• gauge group could be SO(3,1): 
rotations+boosts, called Lorentz group


• SO(3,1) - because in 4 dimensional 
spacetime we have 3 spacetime directions 
and 1 time direction
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Gauge theory



• We have also translations 


• Poincaré group=translations+SO(3,1)


• its best to think of gravity as gauge theory 
of Poincaré group


• gravity is special, transformations of 
spacetime itself


• gauge boson of gravity is graviton


• it has spin 2, and it is massless


• its waves are gravitational waves


• when we want to quantise it there are 
infinities

Gauge theory
• Existence of gauge symmetries implies 

connection fields which give rise to 
physical particles


• Gauge bosons are physical excitations from 
vibrations in the group’s gauge field


• Existence of these fields giving rise to 
interactions, giving rise to forces of nature, 
comes from a gauge symmetry


• Existence of these symmetries places a 
constraint on what the theory is



Action

• Action describes change of physical system in time


• In the simplest example we have a mass m moving with velocity v in direction it 
moves 


• In general action is an integral over Lagrange density


• Action needs to be invariant under these symmetries


• From the action one obtains equations of motion of particles

S = m~v~r
<latexit sha1_base64="VDCqWa5JxQN99yMpOzEefBCfpTg=">AAAB+nicbVDLSsNAFL3xWesr1aWbYBFclUQE3QgFNy5cVLQPaEOZTCft0JlJmJlUSsynuHGhiFu/xJ1/4zTNQlsPXO7hnHuZOyeIGVXadb+tldW19Y3N0lZ5e2d3b9+uHLRUlEhMmjhikewESBFGBWlqqhnpxJIgHjDSDsbXM789IVLRSDzoaUx8joaChhQjbaS+Xbm/4r0Jwekky5vM+nbVrbk5nGXiFaQKBRp9+6s3iHDCidCYIaW6nhtrP0VSU8xIVu4lisQIj9GQdA0ViBPlp/npmXNilIETRtKU0E6u/t5IEVdqygMzyZEeqUVvJv7ndRMdXvopFXGiicDzh8KEOTpyZjk4AyoJ1mxqCMKSmlsdPEISYW3SKpsQvMUvL5PWWc1za97debV+W8RRgiM4hlPw4ALqcAMNaAKGR3iGV3iznqwX6936mI+uWMXOIfyB9fkD2hCUaA==</latexit><latexit sha1_base64="VDCqWa5JxQN99yMpOzEefBCfpTg=">AAAB+nicbVDLSsNAFL3xWesr1aWbYBFclUQE3QgFNy5cVLQPaEOZTCft0JlJmJlUSsynuHGhiFu/xJ1/4zTNQlsPXO7hnHuZOyeIGVXadb+tldW19Y3N0lZ5e2d3b9+uHLRUlEhMmjhikewESBFGBWlqqhnpxJIgHjDSDsbXM789IVLRSDzoaUx8joaChhQjbaS+Xbm/4r0Jwekky5vM+nbVrbk5nGXiFaQKBRp9+6s3iHDCidCYIaW6nhtrP0VSU8xIVu4lisQIj9GQdA0ViBPlp/npmXNilIETRtKU0E6u/t5IEVdqygMzyZEeqUVvJv7ndRMdXvopFXGiicDzh8KEOTpyZjk4AyoJ1mxqCMKSmlsdPEISYW3SKpsQvMUvL5PWWc1za97debV+W8RRgiM4hlPw4ALqcAMNaAKGR3iGV3iznqwX6936mI+uWMXOIfyB9fkD2hCUaA==</latexit><latexit sha1_base64="VDCqWa5JxQN99yMpOzEefBCfpTg=">AAAB+nicbVDLSsNAFL3xWesr1aWbYBFclUQE3QgFNy5cVLQPaEOZTCft0JlJmJlUSsynuHGhiFu/xJ1/4zTNQlsPXO7hnHuZOyeIGVXadb+tldW19Y3N0lZ5e2d3b9+uHLRUlEhMmjhikewESBFGBWlqqhnpxJIgHjDSDsbXM789IVLRSDzoaUx8joaChhQjbaS+Xbm/4r0Jwekky5vM+nbVrbk5nGXiFaQKBRp9+6s3iHDCidCYIaW6nhtrP0VSU8xIVu4lisQIj9GQdA0ViBPlp/npmXNilIETRtKU0E6u/t5IEVdqygMzyZEeqUVvJv7ndRMdXvopFXGiicDzh8KEOTpyZjk4AyoJ1mxqCMKSmlsdPEISYW3SKpsQvMUvL5PWWc1za97debV+W8RRgiM4hlPw4ALqcAMNaAKGR3iGV3iznqwX6936mI+uWMXOIfyB9fkD2hCUaA==</latexit><latexit sha1_base64="VDCqWa5JxQN99yMpOzEefBCfpTg=">AAAB+nicbVDLSsNAFL3xWesr1aWbYBFclUQE3QgFNy5cVLQPaEOZTCft0JlJmJlUSsynuHGhiFu/xJ1/4zTNQlsPXO7hnHuZOyeIGVXadb+tldW19Y3N0lZ5e2d3b9+uHLRUlEhMmjhikewESBFGBWlqqhnpxJIgHjDSDsbXM789IVLRSDzoaUx8joaChhQjbaS+Xbm/4r0Jwekky5vM+nbVrbk5nGXiFaQKBRp9+6s3iHDCidCYIaW6nhtrP0VSU8xIVu4lisQIj9GQdA0ViBPlp/npmXNilIETRtKU0E6u/t5IEVdqygMzyZEeqUVvJv7ndRMdXvopFXGiicDzh8KEOTpyZjk4AyoJ1mxqCMKSmlsdPEISYW3SKpsQvMUvL5PWWc1za97debV+W8RRgiM4hlPw4ALqcAMNaAKGR3iGV3iznqwX6936mI+uWMXOIfyB9fkD2hCUaA==</latexit>

S =

Z
(Lkinetic + Lpotential + Linteraction)d

4x
<latexit sha1_base64="B5bqD/zWH6DNhq810nL63oWlTro=">AAACH3icbVDLSgMxFM34rPVVdekmWISKUGakqBuh4MZFFxXtA9pxyGQybWjmQZIRS+mfuPFX3LhQRNz1b7wz7UJbLwROzn2e48aCK22aE2NpeWV1bT23kd/c2t7ZLeztN1WUSMoaNBKRbLtEMcFD1tBcC9aOJSOBK1jLHVyn+dYjk4pH4b0exswOSC/kPqdEA+UUzu+uujzUuFRzRgOYoTkdnwKOI81CzYnIflDBJKFpy/jEe6g8OYWiWTazwIvAmoEimkXdKXx3vYgmAQylgijVscxY2yMiYaFg43w3USwmdEB6rAMwJAFT9ijTN8bHwHjYjyQ8uDVjf3eMSKDUMHChMiC6r+ZzKflfrpNo/9IGdXECaul0kZ8IrCOcmoU9LhnVYgiAUMnhVkz7JHUCLM2DCda85EXQPCtbZtm6rRSrtZkdOXSIjlAJWegCVdENqqMGougZvaJ39GG8GG/Gp/E1LV0yZj0H6E8Ykx/NmqN9</latexit><latexit sha1_base64="B5bqD/zWH6DNhq810nL63oWlTro=">AAACH3icbVDLSgMxFM34rPVVdekmWISKUGakqBuh4MZFFxXtA9pxyGQybWjmQZIRS+mfuPFX3LhQRNz1b7wz7UJbLwROzn2e48aCK22aE2NpeWV1bT23kd/c2t7ZLeztN1WUSMoaNBKRbLtEMcFD1tBcC9aOJSOBK1jLHVyn+dYjk4pH4b0exswOSC/kPqdEA+UUzu+uujzUuFRzRgOYoTkdnwKOI81CzYnIflDBJKFpy/jEe6g8OYWiWTazwIvAmoEimkXdKXx3vYgmAQylgijVscxY2yMiYaFg43w3USwmdEB6rAMwJAFT9ijTN8bHwHjYjyQ8uDVjf3eMSKDUMHChMiC6r+ZzKflfrpNo/9IGdXECaul0kZ8IrCOcmoU9LhnVYgiAUMnhVkz7JHUCLM2DCda85EXQPCtbZtm6rRSrtZkdOXSIjlAJWegCVdENqqMGougZvaJ39GG8GG/Gp/E1LV0yZj0H6E8Ykx/NmqN9</latexit><latexit sha1_base64="B5bqD/zWH6DNhq810nL63oWlTro=">AAACH3icbVDLSgMxFM34rPVVdekmWISKUGakqBuh4MZFFxXtA9pxyGQybWjmQZIRS+mfuPFX3LhQRNz1b7wz7UJbLwROzn2e48aCK22aE2NpeWV1bT23kd/c2t7ZLeztN1WUSMoaNBKRbLtEMcFD1tBcC9aOJSOBK1jLHVyn+dYjk4pH4b0exswOSC/kPqdEA+UUzu+uujzUuFRzRgOYoTkdnwKOI81CzYnIflDBJKFpy/jEe6g8OYWiWTazwIvAmoEimkXdKXx3vYgmAQylgijVscxY2yMiYaFg43w3USwmdEB6rAMwJAFT9ijTN8bHwHjYjyQ8uDVjf3eMSKDUMHChMiC6r+ZzKflfrpNo/9IGdXECaul0kZ8IrCOcmoU9LhnVYgiAUMnhVkz7JHUCLM2DCda85EXQPCtbZtm6rRSrtZkdOXSIjlAJWegCVdENqqMGougZvaJ39GG8GG/Gp/E1LV0yZj0H6E8Ykx/NmqN9</latexit><latexit sha1_base64="B5bqD/zWH6DNhq810nL63oWlTro=">AAACH3icbVDLSgMxFM34rPVVdekmWISKUGakqBuh4MZFFxXtA9pxyGQybWjmQZIRS+mfuPFX3LhQRNz1b7wz7UJbLwROzn2e48aCK22aE2NpeWV1bT23kd/c2t7ZLeztN1WUSMoaNBKRbLtEMcFD1tBcC9aOJSOBK1jLHVyn+dYjk4pH4b0exswOSC/kPqdEA+UUzu+uujzUuFRzRgOYoTkdnwKOI81CzYnIflDBJKFpy/jEe6g8OYWiWTazwIvAmoEimkXdKXx3vYgmAQylgijVscxY2yMiYaFg43w3USwmdEB6rAMwJAFT9ijTN8bHwHjYjyQ8uDVjf3eMSKDUMHChMiC6r+ZzKflfrpNo/9IGdXECaul0kZ8IrCOcmoU9LhnVYgiAUMnhVkz7JHUCLM2DCda85EXQPCtbZtm6rRSrtZkdOXSIjlAJWegCVdENqqMGougZvaJ39GG8GG/Gp/E1LV0yZj0H6E8Ykx/NmqN9</latexit>

Ltotal(�(x), @�(x))
<latexit sha1_base64="DSD4ZEJyIrh7dRURO4RdhuLugpc=">AAACC3icbVDLSsNAFJ3UV62vqEs3oUVoQUoigi4Lblx0UcE+oAlhMp20QyfJMHMjltC9G3/FjQtF3PoD7vwbp20W2npg4Mw5996ZewLBmQLb/jYKa+sbm1vF7dLO7t7+gXl41FFJKgltk4QnshdgRTmLaRsYcNoTkuIo4LQbjK9nfveeSsWS+A4mgnoRHsYsZASDlnyz3PQzSADzadUVI1Z9qJ25AktgmOf3mm9W7Lo9h7VKnJxUUI6Wb365g4SkEY2BcKxU37EFeNlsKuF0WnJTRQUmYzykfU1jHFHlZfNdptapVgZWmEh9YrDm6u+ODEdKTaJAV0YYRmrZm4n/ef0UwisvY7FIgcZk8VCYcgsSaxaMNWCSEuATTTCRTP/VIiMsMQEdX0mH4CyvvEo653XHrju3F5VGM4+jiE5QGVWRgy5RA92gFmojgh7RM3pFb8aT8WK8Gx+L0oKR9xyjPzA+fwD/S5pi</latexit><latexit sha1_base64="DSD4ZEJyIrh7dRURO4RdhuLugpc=">AAACC3icbVDLSsNAFJ3UV62vqEs3oUVoQUoigi4Lblx0UcE+oAlhMp20QyfJMHMjltC9G3/FjQtF3PoD7vwbp20W2npg4Mw5996ZewLBmQLb/jYKa+sbm1vF7dLO7t7+gXl41FFJKgltk4QnshdgRTmLaRsYcNoTkuIo4LQbjK9nfveeSsWS+A4mgnoRHsYsZASDlnyz3PQzSADzadUVI1Z9qJ25AktgmOf3mm9W7Lo9h7VKnJxUUI6Wb365g4SkEY2BcKxU37EFeNlsKuF0WnJTRQUmYzykfU1jHFHlZfNdptapVgZWmEh9YrDm6u+ODEdKTaJAV0YYRmrZm4n/ef0UwisvY7FIgcZk8VCYcgsSaxaMNWCSEuATTTCRTP/VIiMsMQEdX0mH4CyvvEo653XHrju3F5VGM4+jiE5QGVWRgy5RA92gFmojgh7RM3pFb8aT8WK8Gx+L0oKR9xyjPzA+fwD/S5pi</latexit><latexit sha1_base64="DSD4ZEJyIrh7dRURO4RdhuLugpc=">AAACC3icbVDLSsNAFJ3UV62vqEs3oUVoQUoigi4Lblx0UcE+oAlhMp20QyfJMHMjltC9G3/FjQtF3PoD7vwbp20W2npg4Mw5996ZewLBmQLb/jYKa+sbm1vF7dLO7t7+gXl41FFJKgltk4QnshdgRTmLaRsYcNoTkuIo4LQbjK9nfveeSsWS+A4mgnoRHsYsZASDlnyz3PQzSADzadUVI1Z9qJ25AktgmOf3mm9W7Lo9h7VKnJxUUI6Wb365g4SkEY2BcKxU37EFeNlsKuF0WnJTRQUmYzykfU1jHFHlZfNdptapVgZWmEh9YrDm6u+ODEdKTaJAV0YYRmrZm4n/ef0UwisvY7FIgcZk8VCYcgsSaxaMNWCSEuATTTCRTP/VIiMsMQEdX0mH4CyvvEo653XHrju3F5VGM4+jiE5QGVWRgy5RA92gFmojgh7RM3pFb8aT8WK8Gx+L0oKR9xyjPzA+fwD/S5pi</latexit><latexit sha1_base64="DSD4ZEJyIrh7dRURO4RdhuLugpc=">AAACC3icbVDLSsNAFJ3UV62vqEs3oUVoQUoigi4Lblx0UcE+oAlhMp20QyfJMHMjltC9G3/FjQtF3PoD7vwbp20W2npg4Mw5996ZewLBmQLb/jYKa+sbm1vF7dLO7t7+gXl41FFJKgltk4QnshdgRTmLaRsYcNoTkuIo4LQbjK9nfveeSsWS+A4mgnoRHsYsZASDlnyz3PQzSADzadUVI1Z9qJ25AktgmOf3mm9W7Lo9h7VKnJxUUI6Wb365g4SkEY2BcKxU37EFeNlsKuF0WnJTRQUmYzykfU1jHFHlZfNdptapVgZWmEh9YrDm6u+ODEdKTaJAV0YYRmrZm4n/ef0UwisvY7FIgcZk8VCYcgsSaxaMNWCSEuATTTCRTP/VIiMsMQEdX0mH4CyvvEo653XHrju3F5VGM4+jiE5QGVWRgy5RA92gFmojgh7RM3pFb8aT8WK8Gx+L0oKR9xyjPzA+fwD/S5pi</latexit>



 e� ! ei✓ e�
<latexit sha1_base64="TdKWNIU+omw77eBznvvwwYclrmY=">AAACFHicbVC7SgNBFJ31GeMramkzGARBDLsiaBmwsbCIYB6QTZbZyU0yZPbBzF0lLPkIG3/FxkIRWws7/8ZJsqAmHhg4nHMud+7xYyk02vaXtbC4tLyymlvLr29sbm0XdnZrOkoUhyqPZKQaPtMgRQhVFCihEStggS+h7g8ux379DpQWUXiLwxhaAeuFois4QyN5hWM31sJLoX0ycpXo9ZEpFd1TaKfCxT4gG/0EvELRLtkT0HniZKRIMlS8wqfbiXgSQIhcMq2bjh1jK2UKBZcwyruJhpjxAetB09CQBaBb6eSoET00Sod2I2VeiHSi/p5IWaD1MPBNMmDY17PeWPzPaybYvWilIowThJBPF3UTSTGi44ZoRyjgKIeGMK6E+SvlfaYYR9Nj3pTgzJ48T2qnJccuOTdnxfJ1VkeO7JMDckQcck7K5IpUSJVw8kCeyAt5tR6tZ+vNep9GF6xsZo/8gfXxDUjsn5w=</latexit><latexit sha1_base64="TdKWNIU+omw77eBznvvwwYclrmY=">AAACFHicbVC7SgNBFJ31GeMramkzGARBDLsiaBmwsbCIYB6QTZbZyU0yZPbBzF0lLPkIG3/FxkIRWws7/8ZJsqAmHhg4nHMud+7xYyk02vaXtbC4tLyymlvLr29sbm0XdnZrOkoUhyqPZKQaPtMgRQhVFCihEStggS+h7g8ux379DpQWUXiLwxhaAeuFois4QyN5hWM31sJLoX0ycpXo9ZEpFd1TaKfCxT4gG/0EvELRLtkT0HniZKRIMlS8wqfbiXgSQIhcMq2bjh1jK2UKBZcwyruJhpjxAetB09CQBaBb6eSoET00Sod2I2VeiHSi/p5IWaD1MPBNMmDY17PeWPzPaybYvWilIowThJBPF3UTSTGi44ZoRyjgKIeGMK6E+SvlfaYYR9Nj3pTgzJ48T2qnJccuOTdnxfJ1VkeO7JMDckQcck7K5IpUSJVw8kCeyAt5tR6tZ+vNep9GF6xsZo/8gfXxDUjsn5w=</latexit><latexit sha1_base64="TdKWNIU+omw77eBznvvwwYclrmY=">AAACFHicbVC7SgNBFJ31GeMramkzGARBDLsiaBmwsbCIYB6QTZbZyU0yZPbBzF0lLPkIG3/FxkIRWws7/8ZJsqAmHhg4nHMud+7xYyk02vaXtbC4tLyymlvLr29sbm0XdnZrOkoUhyqPZKQaPtMgRQhVFCihEStggS+h7g8ux379DpQWUXiLwxhaAeuFois4QyN5hWM31sJLoX0ycpXo9ZEpFd1TaKfCxT4gG/0EvELRLtkT0HniZKRIMlS8wqfbiXgSQIhcMq2bjh1jK2UKBZcwyruJhpjxAetB09CQBaBb6eSoET00Sod2I2VeiHSi/p5IWaD1MPBNMmDY17PeWPzPaybYvWilIowThJBPF3UTSTGi44ZoRyjgKIeGMK6E+SvlfaYYR9Nj3pTgzJ48T2qnJccuOTdnxfJ1VkeO7JMDckQcck7K5IpUSJVw8kCeyAt5tR6tZ+vNep9GF6xsZo/8gfXxDUjsn5w=</latexit><latexit sha1_base64="TdKWNIU+omw77eBznvvwwYclrmY=">AAACFHicbVC7SgNBFJ31GeMramkzGARBDLsiaBmwsbCIYB6QTZbZyU0yZPbBzF0lLPkIG3/FxkIRWws7/8ZJsqAmHhg4nHMud+7xYyk02vaXtbC4tLyymlvLr29sbm0XdnZrOkoUhyqPZKQaPtMgRQhVFCihEStggS+h7g8ux379DpQWUXiLwxhaAeuFois4QyN5hWM31sJLoX0ycpXo9ZEpFd1TaKfCxT4gG/0EvELRLtkT0HniZKRIMlS8wqfbiXgSQIhcMq2bjh1jK2UKBZcwyruJhpjxAetB09CQBaBb6eSoET00Sod2I2VeiHSi/p5IWaD1MPBNMmDY17PeWPzPaybYvWilIowThJBPF3UTSTGi44ZoRyjgKIeGMK6E+SvlfaYYR9Nj3pTgzJ48T2qnJccuOTdnxfJ1VkeO7JMDckQcck7K5IpUSJVw8kCeyAt5tR6tZ+vNep9GF6xsZo/8gfXxDUjsn5w=</latexit>

( e�)
2

<latexit sha1_base64="baGr38HaPGr0kd0EV6dfMBkentI=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69BItQD5akCHosePHgoYL9gDYtm+2kXbrZhN2NUkL/hxcPinj1v3jz37htc9DWBwOP92aYmefHnCntON9Wbm19Y3Mrv13Y2d3bPygeHjVVlEiKDRrxSLZ9opAzgQ3NNMd2LJGEPseWP76Z+a1HlIpF4kFPYvRCMhQsYJRoI/XK3Vixfoq9i+l5r9ovlpyKM4e9StyMlCBDvV/86g4imoQoNOVEqY7rxNpLidSMcpwWuonCmNAxGWLHUEFCVF46v3pqnxllYAeRNCW0PVd/T6QkVGoS+qYzJHqklr2Z+J/XSXRw7aVMxIlGQReLgoTbOrJnEdgDJpFqPjGEUMnMrTYdEUmoNkEVTAju8surpFmtuE7Fvb8s1e6yOPJwAqdQBheuoAa3UIcGUJDwDK/wZj1ZL9a79bFozVnZzDH8gfX5A4ANkeA=</latexit><latexit sha1_base64="baGr38HaPGr0kd0EV6dfMBkentI=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69BItQD5akCHosePHgoYL9gDYtm+2kXbrZhN2NUkL/hxcPinj1v3jz37htc9DWBwOP92aYmefHnCntON9Wbm19Y3Mrv13Y2d3bPygeHjVVlEiKDRrxSLZ9opAzgQ3NNMd2LJGEPseWP76Z+a1HlIpF4kFPYvRCMhQsYJRoI/XK3Vixfoq9i+l5r9ovlpyKM4e9StyMlCBDvV/86g4imoQoNOVEqY7rxNpLidSMcpwWuonCmNAxGWLHUEFCVF46v3pqnxllYAeRNCW0PVd/T6QkVGoS+qYzJHqklr2Z+J/XSXRw7aVMxIlGQReLgoTbOrJnEdgDJpFqPjGEUMnMrTYdEUmoNkEVTAju8surpFmtuE7Fvb8s1e6yOPJwAqdQBheuoAa3UIcGUJDwDK/wZj1ZL9a79bFozVnZzDH8gfX5A4ANkeA=</latexit><latexit sha1_base64="baGr38HaPGr0kd0EV6dfMBkentI=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69BItQD5akCHosePHgoYL9gDYtm+2kXbrZhN2NUkL/hxcPinj1v3jz37htc9DWBwOP92aYmefHnCntON9Wbm19Y3Mrv13Y2d3bPygeHjVVlEiKDRrxSLZ9opAzgQ3NNMd2LJGEPseWP76Z+a1HlIpF4kFPYvRCMhQsYJRoI/XK3Vixfoq9i+l5r9ovlpyKM4e9StyMlCBDvV/86g4imoQoNOVEqY7rxNpLidSMcpwWuonCmNAxGWLHUEFCVF46v3pqnxllYAeRNCW0PVd/T6QkVGoS+qYzJHqklr2Z+J/XSXRw7aVMxIlGQReLgoTbOrJnEdgDJpFqPjGEUMnMrTYdEUmoNkEVTAju8surpFmtuE7Fvb8s1e6yOPJwAqdQBheuoAa3UIcGUJDwDK/wZj1ZL9a79bFozVnZzDH8gfX5A4ANkeA=</latexit><latexit sha1_base64="baGr38HaPGr0kd0EV6dfMBkentI=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69BItQD5akCHosePHgoYL9gDYtm+2kXbrZhN2NUkL/hxcPinj1v3jz37htc9DWBwOP92aYmefHnCntON9Wbm19Y3Mrv13Y2d3bPygeHjVVlEiKDRrxSLZ9opAzgQ3NNMd2LJGEPseWP76Z+a1HlIpF4kFPYvRCMhQsYJRoI/XK3Vixfoq9i+l5r9ovlpyKM4e9StyMlCBDvV/86g4imoQoNOVEqY7rxNpLidSMcpwWuonCmNAxGWLHUEFCVF46v3pqnxllYAeRNCW0PVd/T6QkVGoS+qYzJHqklr2Z+J/XSXRw7aVMxIlGQReLgoTbOrJnEdgDJpFqPjGEUMnMrTYdEUmoNkEVTAju8surpFmtuE7Fvb8s1e6yOPJwAqdQBheuoAa3UIcGUJDwDK/wZj1ZL9a79bFozVnZzDH8gfX5A4ANkeA=</latexit>

| e� |2 =  ⇤
e� e� ! e�i✓ ⇤

e�e
i✓ e� = | e� |2

<latexit sha1_base64="n0BCPRpKb1T3pXiDL2xWqUliKsI="></latexit><latexit sha1_base64="n0BCPRpKb1T3pXiDL2xWqUliKsI="></latexit><latexit sha1_base64="n0BCPRpKb1T3pXiDL2xWqUliKsI="></latexit><latexit sha1_base64="n0BCPRpKb1T3pXiDL2xWqUliKsI="></latexit>

positron electron mass term

( e�)
2 ! e2i✓( e�)

2
<latexit sha1_base64="5e7hJ5mJalAVeCga8e5XkqJCMO4=">AAACHXicbVC7SgNBFJ2NrxhfUUubwSDEwrAbAloGbCwsIpgHZJMwO7lJhsw+mLmrhCU/YuOv2FgoYmEj/o2TR2ESDwwczjmXO/d4kRQabfvHSq2tb2xupbczO7t7+wfZw6OaDmPFocpDGaqGxzRIEUAVBUpoRAqY70moe8PriV9/AKVFGNzjKIKWz/qB6AnO0EidbCnvRlp0EmhfjM/bRVeJ/gCZUuEjhXZSFC4OANl4MdXJ5uyCPQVdJc6c5MgclU72y+2GPPYhQC6Z1k3HjrCVMIWCSxhn3FhDxPiQ9aFpaMB80K1ket2YnhmlS3uhMi9AOlX/TiTM13rkeybpMxzoZW8i/uc1Y+xdtRIRRDFCwGeLerGkGNJJVbQrFHCUI0MYV8L8lfIBU4yjKTRjSnCWT14ltWLBsQvOXSlXvp3XkSYn5JTkiUMuSZnckAqpEk6eyAt5I+/Ws/VqfVifs2jKms8ckwVY378RNKHq</latexit><latexit sha1_base64="5e7hJ5mJalAVeCga8e5XkqJCMO4=">AAACHXicbVC7SgNBFJ2NrxhfUUubwSDEwrAbAloGbCwsIpgHZJMwO7lJhsw+mLmrhCU/YuOv2FgoYmEj/o2TR2ESDwwczjmXO/d4kRQabfvHSq2tb2xupbczO7t7+wfZw6OaDmPFocpDGaqGxzRIEUAVBUpoRAqY70moe8PriV9/AKVFGNzjKIKWz/qB6AnO0EidbCnvRlp0EmhfjM/bRVeJ/gCZUuEjhXZSFC4OANl4MdXJ5uyCPQVdJc6c5MgclU72y+2GPPYhQC6Z1k3HjrCVMIWCSxhn3FhDxPiQ9aFpaMB80K1ket2YnhmlS3uhMi9AOlX/TiTM13rkeybpMxzoZW8i/uc1Y+xdtRIRRDFCwGeLerGkGNJJVbQrFHCUI0MYV8L8lfIBU4yjKTRjSnCWT14ltWLBsQvOXSlXvp3XkSYn5JTkiUMuSZnckAqpEk6eyAt5I+/Ws/VqfVifs2jKms8ckwVY378RNKHq</latexit><latexit sha1_base64="5e7hJ5mJalAVeCga8e5XkqJCMO4=">AAACHXicbVC7SgNBFJ2NrxhfUUubwSDEwrAbAloGbCwsIpgHZJMwO7lJhsw+mLmrhCU/YuOv2FgoYmEj/o2TR2ESDwwczjmXO/d4kRQabfvHSq2tb2xupbczO7t7+wfZw6OaDmPFocpDGaqGxzRIEUAVBUpoRAqY70moe8PriV9/AKVFGNzjKIKWz/qB6AnO0EidbCnvRlp0EmhfjM/bRVeJ/gCZUuEjhXZSFC4OANl4MdXJ5uyCPQVdJc6c5MgclU72y+2GPPYhQC6Z1k3HjrCVMIWCSxhn3FhDxPiQ9aFpaMB80K1ket2YnhmlS3uhMi9AOlX/TiTM13rkeybpMxzoZW8i/uc1Y+xdtRIRRDFCwGeLerGkGNJJVbQrFHCUI0MYV8L8lfIBU4yjKTRjSnCWT14ltWLBsQvOXSlXvp3XkSYn5JTkiUMuSZnckAqpEk6eyAt5I+/Ws/VqfVifs2jKms8ckwVY378RNKHq</latexit><latexit sha1_base64="5e7hJ5mJalAVeCga8e5XkqJCMO4=">AAACHXicbVC7SgNBFJ2NrxhfUUubwSDEwrAbAloGbCwsIpgHZJMwO7lJhsw+mLmrhCU/YuOv2FgoYmEj/o2TR2ESDwwczjmXO/d4kRQabfvHSq2tb2xupbczO7t7+wfZw6OaDmPFocpDGaqGxzRIEUAVBUpoRAqY70moe8PriV9/AKVFGNzjKIKWz/qB6AnO0EidbCnvRlp0EmhfjM/bRVeJ/gCZUuEjhXZSFC4OANl4MdXJ5uyCPQVdJc6c5MgclU72y+2GPPYhQC6Z1k3HjrCVMIWCSxhn3FhDxPiQ9aFpaMB80K1ket2YnhmlS3uhMi9AOlX/TiTM13rkeybpMxzoZW8i/uc1Y+xdtRIRRDFCwGeLerGkGNJJVbQrFHCUI0MYV8L8lfIBU4yjKTRjSnCWT14ltWLBsQvOXSlXvp3XkSYn5JTkiUMuSZnckAqpEk6eyAt5I+/Ws/VqfVifs2jKms8ckwVY378RNKHq</latexit>

• Let’s take a look at the simplest example of electromagnetism


• Usually the terms together need to be invariant under 


• Kinetic energy of a gauge (connection) field comes from the EM curvature:  
E (electric) and B (magnetic) fields


• Potential term - we can try to guess to be of the form: 


• This is not gauge invariant: 


• We need



• interaction term                                                       conservation of charge


• potential term for photon     ?


• U(1) gauge transformations:


•           is not invariant under U(1) gauge transformation, we can’t write it


• there is no mass term, photon is massless

 ⇤
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Higher spin theory

• It has a long history, around 80 years, in which it had to overcome important 
conceptual issues


• Do we observe higher spin particles in nature? 


• Yes, as a hadron resonances with spin smaller than 11/2


• The idea first appeared when Ettore Majorana in 1932 proposed a field equation 
which describes infinite tower of HS fields with inverse mass - spin dependence


• In 1936 Paul Dirac considered equations for a single free field of arbitrary half 
integer spin



Higher spin theory

• Markus Fierz and Wolfgang Pauli in 1939 considered spin 3/2 particle, but they had 
difficulties coupling to electromagnetism, they almost discovered supergravity


• To solve infinities that appear when quantising gravity people thought of supergravity, 
introducing gravitino of spin 3/2, needs 2/3 of turn to get back to itself


• supplementing graviton with gravitino also does not work


• one possibility to solve problem of quantising gravity is to add particles beyond spin 2


• Once you go beyond spin 2 you need all spins, 3,4,5,6….


• All this particles are also predicted by string theory, but in the string theory they are 
massive



Higher spin theory

• In 60-s there were problems and no-go theorems when looking at higher spin 
fields on flat space  (Weinberg, Coleman, Mandula)


• To better understand the theory of fundamental particles, we have seen that 
we need to probe it at higher and higher energies


• And at very high energies particles look like massless


• This suggested in the 80-s that we should look extremely high, ultra-Planckian 
energies, when all these higher spin particles are massless



Higher spin theory

• Higher spin gravity theory is study of these highly energetic higher spin 
particles which are massless


• It is exotic extension of general relativity


• Christian Fronsdal was first to describe bosonic free massless symmetric 
higher spin fields in 1978


• Fang and Fronsdal did the same for fermonic fields



Higher spin theory

• example 1.  Electromagnetizm 


• field equations:


• gauge symmetry:

• example 2.  linearised gravity


• field equations:


• gauge symmetry: �hµ⌫ = @µ⇠ + @⌫⇠
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Higher spin theory

• Particle of arbitrary spin


• field equations:


• gauge symmetry:


• gauge invariance also requires:  

f(@@�µ2...µs) = 0
<latexit sha1_base64="P7arIYZt/v+R4l9rcEtQ/LQDZts=">AAACEnicbVDLSgMxFM34rPU16tJNsAjtZpgpgm6EghsXLirYB7TDkEkzbWiSGZKMUIZ+gxt/xY0LRdy6cuffmGkH1NYD4R7OuZebe8KEUaVd98taWV1b39gsbZW3d3b39u2Dw7aKU4lJC8cslt0QKcKoIC1NNSPdRBLEQ0Y64fgq9zv3RCoaizs9SYjP0VDQiGKkjRTYtajaT5DUFLGfOqJB1udpUHccJ69qWrt0A7viOu4McJl4BamAAs3A/uwPYpxyIjRmSKme5ybaz/IlmJFpuZ8qkiA8RkPSM1QgTpSfzU6awlOjDGAUS/OEhjP190SGuFITHppOjvRILXq5+J/XS3V04WdUJKkmAs8XRSmDOoZ5PnBAJcGaTQxBWFLzV4hHSCKsTYplE4K3ePIyadcdz3W827NK46aIowSOwQmoAg+cgwa4Bk3QAhg8gCfwAl6tR+vZerPe560rVjFzBP7A+vgGjeSdYg==</latexit><latexit sha1_base64="P7arIYZt/v+R4l9rcEtQ/LQDZts=">AAACEnicbVDLSgMxFM34rPU16tJNsAjtZpgpgm6EghsXLirYB7TDkEkzbWiSGZKMUIZ+gxt/xY0LRdy6cuffmGkH1NYD4R7OuZebe8KEUaVd98taWV1b39gsbZW3d3b39u2Dw7aKU4lJC8cslt0QKcKoIC1NNSPdRBLEQ0Y64fgq9zv3RCoaizs9SYjP0VDQiGKkjRTYtajaT5DUFLGfOqJB1udpUHccJ69qWrt0A7viOu4McJl4BamAAs3A/uwPYpxyIjRmSKme5ybaz/IlmJFpuZ8qkiA8RkPSM1QgTpSfzU6awlOjDGAUS/OEhjP190SGuFITHppOjvRILXq5+J/XS3V04WdUJKkmAs8XRSmDOoZ5PnBAJcGaTQxBWFLzV4hHSCKsTYplE4K3ePIyadcdz3W827NK46aIowSOwQmoAg+cgwa4Bk3QAhg8gCfwAl6tR+vZerPe560rVjFzBP7A+vgGjeSdYg==</latexit><latexit sha1_base64="P7arIYZt/v+R4l9rcEtQ/LQDZts=">AAACEnicbVDLSgMxFM34rPU16tJNsAjtZpgpgm6EghsXLirYB7TDkEkzbWiSGZKMUIZ+gxt/xY0LRdy6cuffmGkH1NYD4R7OuZebe8KEUaVd98taWV1b39gsbZW3d3b39u2Dw7aKU4lJC8cslt0QKcKoIC1NNSPdRBLEQ0Y64fgq9zv3RCoaizs9SYjP0VDQiGKkjRTYtajaT5DUFLGfOqJB1udpUHccJ69qWrt0A7viOu4McJl4BamAAs3A/uwPYpxyIjRmSKme5ybaz/IlmJFpuZ8qkiA8RkPSM1QgTpSfzU6awlOjDGAUS/OEhjP190SGuFITHppOjvRILXq5+J/XS3V04WdUJKkmAs8XRSmDOoZ5PnBAJcGaTQxBWFLzV4hHSCKsTYplE4K3ePIyadcdz3W827NK46aIowSOwQmoAg+cgwa4Bk3QAhg8gCfwAl6tR+vZerPe560rVjFzBP7A+vgGjeSdYg==</latexit><latexit sha1_base64="P7arIYZt/v+R4l9rcEtQ/LQDZts=">AAACEnicbVDLSgMxFM34rPU16tJNsAjtZpgpgm6EghsXLirYB7TDkEkzbWiSGZKMUIZ+gxt/xY0LRdy6cuffmGkH1NYD4R7OuZebe8KEUaVd98taWV1b39gsbZW3d3b39u2Dw7aKU4lJC8cslt0QKcKoIC1NNSPdRBLEQ0Y64fgq9zv3RCoaizs9SYjP0VDQiGKkjRTYtajaT5DUFLGfOqJB1udpUHccJ69qWrt0A7viOu4McJl4BamAAs3A/uwPYpxyIjRmSKme5ybaz/IlmJFpuZ8qkiA8RkPSM1QgTpSfzU6awlOjDGAUS/OEhjP190SGuFITHppOjvRILXq5+J/XS3V04WdUJKkmAs8XRSmDOoZ5PnBAJcGaTQxBWFLzV4hHSCKsTYplE4K3ePIyadcdz3W827NK46aIowSOwQmoAg+cgwa4Bk3QAhg8gCfwAl6tR+vZerPe560rVjFzBP7A+vgGjeSdYg==</latexit>

��µ1...µs = @(µ2
⇠µ2...µs)

<latexit sha1_base64="bhhbOcGc1WRf2ngXOYe8AQIU7Qw=">AAACKXicbVDLSsNAFJ34rPUVdekmWIS6CUkRdCMU3LhwUcE+oAlhMpm2Q2cmYWYilpDfceOvuFFQ1K0/4qSNoK0Xhjmccy733hMmlEjlOB/G0vLK6tp6ZaO6ubW9s2vu7XdknAqE2yimseiFUGJKOG4roijuJQJDFlLcDceXhd69w0KSmN+qSYJ9BoecDAiCSlOB2fQiTBX0khEJMo+lgWvbdvHL/MJLoFAE0iCrF0wj9+5LU+PHdJIHZs2xnWlZi8AtQQ2U1QrMFy+KUcowV4hCKfuukyg/K0YhivOql0qcQDSGQ9zXkEOGpZ9NL82tY81E1iAW+nFlTdnfHRlkUk5YqJ0MqpGc1wryP62fqsG5nxGepApzNBs0SKmlYquIzYqIwEjRiQYQCaJ3tdAICoiUDreqQ3DnT14EnYbtOrZ7c1prXpdxVMAhOAJ14IIz0ARXoAXaAIEH8ARewZvxaDwb78bnzLpklD0H4E8ZX9/H9qbx</latexit><latexit sha1_base64="bhhbOcGc1WRf2ngXOYe8AQIU7Qw=">AAACKXicbVDLSsNAFJ34rPUVdekmWIS6CUkRdCMU3LhwUcE+oAlhMpm2Q2cmYWYilpDfceOvuFFQ1K0/4qSNoK0Xhjmccy733hMmlEjlOB/G0vLK6tp6ZaO6ubW9s2vu7XdknAqE2yimseiFUGJKOG4roijuJQJDFlLcDceXhd69w0KSmN+qSYJ9BoecDAiCSlOB2fQiTBX0khEJMo+lgWvbdvHL/MJLoFAE0iCrF0wj9+5LU+PHdJIHZs2xnWlZi8AtQQ2U1QrMFy+KUcowV4hCKfuukyg/K0YhivOql0qcQDSGQ9zXkEOGpZ9NL82tY81E1iAW+nFlTdnfHRlkUk5YqJ0MqpGc1wryP62fqsG5nxGepApzNBs0SKmlYquIzYqIwEjRiQYQCaJ3tdAICoiUDreqQ3DnT14EnYbtOrZ7c1prXpdxVMAhOAJ14IIz0ARXoAXaAIEH8ARewZvxaDwb78bnzLpklD0H4E8ZX9/H9qbx</latexit><latexit sha1_base64="bhhbOcGc1WRf2ngXOYe8AQIU7Qw=">AAACKXicbVDLSsNAFJ34rPUVdekmWIS6CUkRdCMU3LhwUcE+oAlhMpm2Q2cmYWYilpDfceOvuFFQ1K0/4qSNoK0Xhjmccy733hMmlEjlOB/G0vLK6tp6ZaO6ubW9s2vu7XdknAqE2yimseiFUGJKOG4roijuJQJDFlLcDceXhd69w0KSmN+qSYJ9BoecDAiCSlOB2fQiTBX0khEJMo+lgWvbdvHL/MJLoFAE0iCrF0wj9+5LU+PHdJIHZs2xnWlZi8AtQQ2U1QrMFy+KUcowV4hCKfuukyg/K0YhivOql0qcQDSGQ9zXkEOGpZ9NL82tY81E1iAW+nFlTdnfHRlkUk5YqJ0MqpGc1wryP62fqsG5nxGepApzNBs0SKmlYquIzYqIwEjRiQYQCaJ3tdAICoiUDreqQ3DnT14EnYbtOrZ7c1prXpdxVMAhOAJ14IIz0ARXoAXaAIEH8ARewZvxaDwb78bnzLpklD0H4E8ZX9/H9qbx</latexit><latexit sha1_base64="bhhbOcGc1WRf2ngXOYe8AQIU7Qw=">AAACKXicbVDLSsNAFJ34rPUVdekmWIS6CUkRdCMU3LhwUcE+oAlhMpm2Q2cmYWYilpDfceOvuFFQ1K0/4qSNoK0Xhjmccy733hMmlEjlOB/G0vLK6tp6ZaO6ubW9s2vu7XdknAqE2yimseiFUGJKOG4roijuJQJDFlLcDceXhd69w0KSmN+qSYJ9BoecDAiCSlOB2fQiTBX0khEJMo+lgWvbdvHL/MJLoFAE0iCrF0wj9+5LU+PHdJIHZs2xnWlZi8AtQQ2U1QrMFy+KUcowV4hCKfuukyg/K0YhivOql0qcQDSGQ9zXkEOGpZ9NL82tY81E1iAW+nFlTdnfHRlkUk5YqJ0MqpGc1wryP62fqsG5nxGepApzNBs0SKmlYquIzYqIwEjRiQYQCaJ3tdAICoiUDreqQ3DnT14EnYbtOrZ7c1prXpdxVMAhOAJ14IIz0ARXoAXaAIEH8ARewZvxaDwb78bnzLpklD0H4E8ZX9/H9qbx</latexit>

⇠µ1...µs�3�
� = 0

<latexit sha1_base64="0vRZ7gmV2WDr3QcjN6MoGGWAPdg=">AAACFXicbVDLSsNAFJ3UV62vqEs3wSK40JCooBuh4MaFiwr2AU0Mk8mkHTqThJmJWEJ+wo2/4saFIm4Fd/6NkzaCth4Y5nDOvXfmHj+hREjL+tIqc/MLi0vV5drK6tr6hr651RZxyhFuoZjGvOtDgSmJcEsSSXE34Rgyn+KOP7wo/M4d5oLE0Y0cJdhlsB+RkCAoleTpB8498TKHpZ5tmmZxZ+LwOHeoGhHAPMtvsx9+bnl63TKtMYxZYpekDko0Pf3TCWKUMhxJRKEQPdtKpJtBLgmiOK85qcAJREPYxz1FI8iwcLPxVrmxp5TACGOuTiSNsfq7I4NMiBHzVSWDciCmvUL8z+ulMjxzMxIlqcQRmjwUptSQsVFEZASEYyTpSBGIOFF/NdAAcoikCrKmQrCnV54l7SPTtkz7+qTeuCrjqIIdsAv2gQ1OQQNcgiZoAQQewBN4Aa/ao/asvWnvk9KKVvZsgz/QPr4BWZSe9g==</latexit><latexit sha1_base64="0vRZ7gmV2WDr3QcjN6MoGGWAPdg=">AAACFXicbVDLSsNAFJ3UV62vqEs3wSK40JCooBuh4MaFiwr2AU0Mk8mkHTqThJmJWEJ+wo2/4saFIm4Fd/6NkzaCth4Y5nDOvXfmHj+hREjL+tIqc/MLi0vV5drK6tr6hr651RZxyhFuoZjGvOtDgSmJcEsSSXE34Rgyn+KOP7wo/M4d5oLE0Y0cJdhlsB+RkCAoleTpB8498TKHpZ5tmmZxZ+LwOHeoGhHAPMtvsx9+bnl63TKtMYxZYpekDko0Pf3TCWKUMhxJRKEQPdtKpJtBLgmiOK85qcAJREPYxz1FI8iwcLPxVrmxp5TACGOuTiSNsfq7I4NMiBHzVSWDciCmvUL8z+ulMjxzMxIlqcQRmjwUptSQsVFEZASEYyTpSBGIOFF/NdAAcoikCrKmQrCnV54l7SPTtkz7+qTeuCrjqIIdsAv2gQ1OQQNcgiZoAQQewBN4Aa/ao/asvWnvk9KKVvZsgz/QPr4BWZSe9g==</latexit><latexit sha1_base64="0vRZ7gmV2WDr3QcjN6MoGGWAPdg=">AAACFXicbVDLSsNAFJ3UV62vqEs3wSK40JCooBuh4MaFiwr2AU0Mk8mkHTqThJmJWEJ+wo2/4saFIm4Fd/6NkzaCth4Y5nDOvXfmHj+hREjL+tIqc/MLi0vV5drK6tr6hr651RZxyhFuoZjGvOtDgSmJcEsSSXE34Rgyn+KOP7wo/M4d5oLE0Y0cJdhlsB+RkCAoleTpB8498TKHpZ5tmmZxZ+LwOHeoGhHAPMtvsx9+bnl63TKtMYxZYpekDko0Pf3TCWKUMhxJRKEQPdtKpJtBLgmiOK85qcAJREPYxz1FI8iwcLPxVrmxp5TACGOuTiSNsfq7I4NMiBHzVSWDciCmvUL8z+ulMjxzMxIlqcQRmjwUptSQsVFEZASEYyTpSBGIOFF/NdAAcoikCrKmQrCnV54l7SPTtkz7+qTeuCrjqIIdsAv2gQ1OQQNcgiZoAQQewBN4Aa/ao/asvWnvk9KKVvZsgz/QPr4BWZSe9g==</latexit><latexit sha1_base64="0vRZ7gmV2WDr3QcjN6MoGGWAPdg=">AAACFXicbVDLSsNAFJ3UV62vqEs3wSK40JCooBuh4MaFiwr2AU0Mk8mkHTqThJmJWEJ+wo2/4saFIm4Fd/6NkzaCth4Y5nDOvXfmHj+hREjL+tIqc/MLi0vV5drK6tr6hr651RZxyhFuoZjGvOtDgSmJcEsSSXE34Rgyn+KOP7wo/M4d5oLE0Y0cJdhlsB+RkCAoleTpB8498TKHpZ5tmmZxZ+LwOHeoGhHAPMtvsx9+bnl63TKtMYxZYpekDko0Pf3TCWKUMhxJRKEQPdtKpJtBLgmiOK85qcAJREPYxz1FI8iwcLPxVrmxp5TACGOuTiSNsfq7I4NMiBHzVSWDciCmvUL8z+ulMjxzMxIlqcQRmjwUptSQsVFEZASEYyTpSBGIOFF/NdAAcoikCrKmQrCnV54l7SPTtkz7+qTeuCrjqIIdsAv2gQ1OQQNcgiZoAQQewBN4Aa/ao/asvWnvk9KKVvZsgz/QPr4BWZSe9g==</latexit>



Higher spin theory

• First people looking of higher spin particle were Ginsburg (spin 3/2 particle)


• Student of Ginsburg, Efim S. Fradkin - proposed a theory of interacting 
particles of spin higher than 2 which are massless


• His students Mikhail Vasiliev, Arkady Tseytlin, Russland Metsaev continued the 
study


• In the 90-s Vasiliev wrote equations of motion for higher spin fields in AdS 
space



Higher spin theory

• Some of the underlying problems that we are still trying to solve is what is the 
underlying geometric structure


• great success of GR was that it could provide geometric view on gravity


• It was unification of mathematical view invented by Riemann and other geometers 
that all objects regardless of which mass “fall” in the same way with same 
acceleration


• Something similar should exist for higher spin theories


• Second point is how to go from such massless to massive particles


• These massive particles should be at very high energy, so something that is still 
missing is some sort of Higgs mechanism



Summary

• We have seen how which are the elementary particles today known in nature 
and their properties


• These properties are mass, charge and spin


• Spin can be thought of as quantum angular momentum intrinsic to the particle


• The particles are described by the gauge theory


• To get consistent description of the gauge theory that involves gravity we have 
to look at the particles of all spins


• It appears in string theory, and it can give string theory after it’s symmetry 
breaking



https://indico.cern.ch/event/1085701/page/23439-outreach

Thank you for the attention!

There will be future activities until July:


