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• Symmetries (of the Standard Model and beyond)

• Open questions to the Standard Model

• Motivations for physics beyond the Standard Model
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The story of symmetry in physics is about transformation and comparison

Basic classification of symmetries goes along these lines: 
1) what is the type of transformation (e.g. discrete or continuous) and 
2) what is the metrics chosen for comparison

Comparison

Symmetry

Some physical object,
or equation, or quantity,
or even process…

Transformation

smaller – larger
no – yes

worse – better
before – after
poorer – richer

The comparison procedure implies 
some metrics with values in real 
numbers (actually, some subset 
with the induced topology). 

«It is better to be wealthy and healthy than poor and ill»
Is it better to be wealthy and ill than poor and healthy?
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Maximal symmetry is usually not of much interest…

Harmony Symmetry, slightly broken

«Symmetry kills the dynamics»
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But if the symmetry violation is too strong, harmony is lost…
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There are three sorts of symmetries relevant for the physics of fundamental matter properties.

Symmetry

• External continuous symmetries, related to coordinate transformations

• Internal symmetries, related to quantum numbers

• Discrete symmetries (charge conjugation and space-time reflections)

For almost any of them, there is a corresponding approximate symmetry 
of the SM which can be used for construction of the perturbation theory.   

• Dimensionless interaction constants

• Rank of color gauge group SU(3)

• Quark masses in strong interaction scale units

• Strong to weak scales ratio

• Ratios of Yukawa constants, e.g.

• Quark mixing parameters

• …

Moreover, the SM has many built in small/large parameters:
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External symmetries

The fact that invariance of a system’s Lagrangian lead to some conservation law is one of the 
most beautiful results in theoretical physics and is known as the Noether’s theorem.   

E.Noether
(1882 – 1935) 

To illustrate the point, consider one degree of freedom mechanical system with the action 

Suppose the action is invariant under transformation

or, in infinitesimal form, 

vanishes on equations of motion

So, if              vanishes, or even

since the time boundaries are arbitrary, we get for the quantity 

conserved Noether charge



New Technologies for New Physics                                                                                             Basics of Particle Physics – Track I, Lecture 4 8/44

This reasoning can be generalized to many degrees of freedom, to relativistic case, to field theory etc.

For example, for complex scalar field with the Lagrangian
the action is invariant under (global) field transformation

Symmetry Conserved quantity

Spatial rotation Angular momentum

Temporal translation Energy

Spatial translation Momentum

Electromagnetic gauge invariance* Electric charge

the Noether current is conserved 

We associate this with the electric charge conservation. Problem 1: show this!

Comment I: the so called 1st Noether’s theorem deals with global invariances. In case of local symmetries the 
Noether currents vanish (the 2nd Noether’s theorem, see the next slide). 

Comment II: neither all symmetries nor all conservation laws are Noether-like. 
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Internal continuous symmetries

There is another deeply nontrivial class of symmetries of the SM. These are continuous internal symmetries, 
i.e. symmetries, associated with local transformations of the SM fields. The best know is electromagnetic gauge 
symmetry.  

The key idea is that different configurations of dynamical variables describe one and the same set of physical 
observables. Theory is local (and hence elegant and economical) in terms of non-observable potentials, while 
non-local (and hence cumbersome) in terms of observable field strengths).

local interactionnon-observable field nonlocal interaction

non-observable phase

observable field

Comment III: in quantum theory, the Noether’s theorem
analog is known as Word-Takahashi and Slavnov-Taylor

identities, which have a form of relations between 
quantum correlation functions.



New Technologies for New Physics                                                                                             Basics of Particle Physics – Track I, Lecture 4 10/44

Discrete symmetries

The crucial role in the SM is played by discreet symmetries:

• Parity P

• Time reversal T

• Charge conjugation C  

Every local Lorentz-invariant  field theory 
with Hermitian Hamiltonian is CPT-even.

J.Schwinger, 1951, G.Lüders, W.Pauli, 1954

There is an important statement known as
CPT theorem:

Physically, СРТ theorem means that our 3+1-dimensional
world made of particles is indistinguishable from the
world made of antiparticles, if they move along the same
worldlines backwards.

In particular, the mass of any particle must be exactly 
equal to the mass of its antiparticle (experimentally 
confirmed for К-mesons at the level 1 to 1018).

(from S.Ulmer) 

Mechanical (and electromagnetic) interactions are
invariant under С, Р, Т or any combination.
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In the SM one can discuss discrete symmetries of interactions and internal discreet symmetries of particles.

The latter are defined for the eigenstates of discreet symmetry operator. For example, electron is not
eigenstate of charge conjugation, because while photon is: with

this choice correspond to vector 
nature of electromagnetic field  

If interaction conserves the corresponding parity (as electromagnetic
and strong interactions in the SM do), parity of the initial state must
be equal to parity of the final state. This is a crude but useful tool.

Conventionally one defines intrinsic P-parity of the SM particles as

However the statement that parities of a particle and an antiparticle are opposite is not a matter of convention.
For quark-antiquark bound states such as mesons

C-parity is defined for neutral mesons only by interchanging quark and antiquark and swapping their positions
and spin:

It is convenient to mark particles by symbols (where C is to be written only for C-parity eigenstates).

total angular momentum 
Problem 2: compare decay modes                        and 
from P- and C- parity conservation point of view.
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Example from Particle Data Group tables
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Combined CP-parity 
conservation hypothesis
L.Landau, 1957

The SM Lagrangian seems to be P-odd but CP-even.

T.D.Lee, C.N.Yang, 1956 C.S.Wu, 1957

100% P-parity violation is built in the SM Lagrangian

http://en.wikipedia.org/wiki/File:CPdiagram.png
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When is it enough?
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The SM mechanism for CP violaton was proposed by M. Kobayashi and 
T.Maskawa in 1974 (as a development of 1960s work by N.Cabibbo). 

Main idea: flavour eigenstates (taking part in weak interactions) are 
nontrivial superpositions of mass eigenstates (solutions to the free part of 
the Lagrangian). In other words it is impossible to diagonalize simultaneously 
mass term and interaction term.
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' Any complex unitary N×N matrix can be parameterized
by N(N-1)/2 Euler angles and (N-1)(N-2)/2 phases.

So for N=2 the matrix can always be unitary rotated to 
equivalent pure real one.

Problem 3: prove this!

Not for N=3.Cabibbo-Kobayashi-Maskawa matrix
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0010.02272.0)( 7 =+=  OVusConvenient parametrization of CKM matrix implies expansion in powers of

6 non-diagonal unitary conditions can be represented as triangles 
on complex plane, the most interesting one is 
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Current (2020) view of the unitarity triangle

1997: 

2009: 
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Complex phases in the couplings lead to observable CP-asymmetries  

where

Analogous diagrams are relevant for K0 and D0 mesons oscillations
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Spontaneous symmetry breaking  

Symmetry of the equation may not be a symmetry of the solution to this equation, especially if it realizes 
extremum of some functional (for example, energy minimum).

In SM masses come from broken symmetries! 

Ginzburg-Landau-Higgs mechanism Dimensional transmutation 
V.L.Ginzburg, L.D.Landau, 1950
P.W.Higgs, 1964; F.Englert, R.Brout, 1964
G.S.Guralnik, C.R.Hagen, T.W.Kibble, 1964

G. ‘t Hooft, D.Gross, F.Wilczek, H.Politzer, 1973

SU(2)L x U(1)Y → U(1)Q

Electroweak sector of SM; superconductivity; 
dual Meissner scenario of confinement

scale invariance is broken by quantum anomaly

as if gauge symmetry is “broken”
SU(3)

Strong sector of SM, baryon masses at ~1 GeV scale 
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Fundamental symmetries in LHC experiments

Electroweak gauge symmetry breaking pattern: Higgs boson 

Space-time symmetries: extra dimensions, black holes, KK-states?

Supersymmetry: particles – superpartners? Dark matter?

Enigma of flavor

CP-symmetry violation: new sources?
Baryon asymmetry of the Universe.
Indirect search of superpartners.

Chiral symmetry of strong interactions:
pattern of restoration? Deconfinement.
P-parity violation as interplay of strong

and electromagnetic interactions?

New state of matter 

General purpose - everything with high enough pT
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Motivations for physics beyond SM
Present status of high energy physics is characterized by undisputable triumph
of the Standard Model. We have found Higgs boson, confirmed subtle predictions
in electroweak and flavour physics, reached percent level accuracy in strong
interaction physics…
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…but no signals for New Physics!
“cemetery of theories”
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Why do we think that there is physics beyond the SM?

• Neutrino masses and oscillations
• Dark matter
• Baryon asymmetry of the Universe
• ...

2. There are many «why» and «how» in the SM:

• What is the ultimate ultraviolet scale? If it is the Planck scale ~1019 GeV, how is electroweak scale   
so much smaller than UV scale? 
• Why do masses and couplings in SM have the values they have?
• Why are lefts doublets and rights singlets?
• Why 3 generations? Why CKM hierarchy & CP?
• What about gravity?
• ...

There are two lines of argument:

1. Experimental facts which cannot be explained in SM framework, among them:
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So, SM is definitely not a closed theory. But is it a consistent theory?

Generally speaking, NO

• Landau pole
• Anomalies
• Naturalness
• …

but the things are arranged in such a tricky way in the SM, that (almost) all is cured…

Example I: Landau pole. Quantum electrodynamics is not consistent at 
ultra-high energies. However, numerically, this scale
is far beyond reach since 

Problem 4: estimate it.

Example II: cancellation of anomalies. There are dangerous divergencies in the SM 
which cannot be renormalized and should just cancel for consistency of the theory.
They do indeed, in quite nontrivial way.

Links quarks and leptons!



New Technologies for New Physics                                                                                             Basics of Particle Physics – Track I, Lecture 4 27/44

Imagine you have built a 4-parameter physical model of some class of phenomena. Fitting this model to 
experimental observables, you found the following values for these 4 parameters (A, B, C, D):
A = 1.4         B = 0.7           C = 2.6               D = 3×1028

Example III: Naturalness

In modern science such models are known as unnatural, or fine-tuned. One may expect that physically relevant 
is not the parameter D, which is so strongly outside the ballpark of the other three ones, but some other 
parameter, perhaps hiding D inside it.    

If one thinks of the SM as some effective theory valid at 
scales smaller than UV cutoff, then experiments indicate 
that

At the same time, naturalness suggests ~

This was the main theoretical motivation for searches of supersymmetry, since there is no quadratic 
divergence in quantum corrections to the Higgs mass is supersymmetric extension of SM.

Quantum instability of the Higgs mass
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«New physics» indeed comes at 

(A.Das, ‘67)

Naturalness of the pion mass:
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(from arXiv:1307.3536)

Observable Higgs mass corresponds to metastability of the SM vacuum

Coincidence? Don’t think so…

(I. V. Krive, A. D. Linde, N. Cabibbo, L. Maiani, G. Parisi, R. Petronzio, M.Lindner, 
H.B.Nielsen, C.Froggatt, J. Elias-Miro, J. R. Espinosa, G. F. Giudice, G. Isidori,  A. Riotto, 
A. Strumia, J. R. Espinosa, M. Quiros, G.Altarelli and many others)
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(from A.Boyarsky)

Astrophysical evidences for dark matter…
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(Granada-2019 meeting)
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Neutrinos are massless in the SM, but massive in Nature

Analogously to quarks, mass eigenstates of neutrinos are superpositions of flavour eigenstates – and vice versa.
However, contrary to the quark case, neutrino oscillations is a long distance phenomenon for mass differencies
in sub-eV range: 
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The pattern of quark mixing, encoded in Cabibbo-Kobayashi-Maskawa (CKM) matrix 

seems to be drastically different from the pattern of neutrino mixing, encoded in 
Pontekorvo-Maki-Nakagawa-Sakata (PMNS) matrix: 

We do not know why
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There is the vibrant experimental program in neutrino physics 

(Granada-2019 meeting)
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What to do when interaction is very weak…

half-life is                     years. Age of the Universe is                   years

NA = 6,022 140 857(74)·1023 моль−1.

It is easy to have 10(15-20) absolutely identical atoms

?

!

Example: proton decay search

SuperKamiokande – the underground neutrino experiment with 50 ktons of water and 13 000 photosensors

50 000 tons ~ 7x1033 protons.
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(Granada-2019 meeting)
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(Granada-2019 meeting)
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(picture of Z.Ligeti)

Intensity frontier physics reach
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Physical requirements directly transfer to technological ones (Granada-2019 meeting)
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«The days of "guaranteed" discoveries or of no-lose theorems in particle physics are over, at least for the
time being. But the big questions of our field remain wide open (hierarchy problem, flavour, neutrinos, DM,
BAU, etc.).This simply implies that, more than for the past 30 years, future HEP's progress is to be driven by
experimental exploration, possibly renouncing/reviewing deeply rooted theoretical bias(es).»

M. Mangano

Notice that Ariadne’s string could not help Theseus to find the
Minotaur in the Labyrinth, but was extremely helpful to follow the
right way out.

The word «clue» derives from «clew», an Old English word for a 
ball of string. It came to mean ‘a hint that aids a solution’ through 
allusion to the Greek legend of Theseus.

We need a clue where New Physics is

The same story is with the Russian word «клубок», which means a 
ball of thread.

Instead of conclusion
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Homework problems

• Problem 1 – slide 8

• Problem 2 – slide 11

• Problem 3 – slide 17

• Problem 4 – slide 26

• Problem 5 (slide 38): how many decays will be detected for one year in one gram of osmium? 

• Problem 6 (slide 42): estimate the proton energy in Future Circular Collider (FCC-hh) for parameters 

from the table.  

• Problem 7: Imagine you are responsible for strategic allocation of financial resources in physics of 

fundamental properties of matter for the next 10 years worldwide (about $10B-$12B) . Formulate (in 

written form) how you would proceed. 


