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INTRODUCTION

In modern elementary particle physics, the notion of symmetries is a key
concept and underlies all physical theories, since symmetries can be used to
create Lagrangians and, consequently, equations of motion. The unification
of electromagnetism and weak interaction is realized by means of U(1) x
SU(2) symmetry, and the QCD is described by SU(3) symmetry. To create
unified physical theories, i.e., to include Einstein’s general theory of relativity
in the Standard Model, it is necessary to consider new types of symmetries [1].
Currently, one of the proposed methods of unification is the use of the so-called
supersymmetry, the first formulations of which appeared in the late 60’s and
led to the creation of local supersymmetry (or supergravity) in the late 70’s |2].
Supersymmetry (SUSY) is a proposed fundamental theory linking bosons and
fermions. Any physical, classical or quantum theory can include supersymmetry.
Currently, supersymmetry is used in string theory and quantum field theory
to harmonize the Standard Model with Einstein’s theory of relativity, and
experimentally, collider experiments are searching for the Lightest Supersymmetric
Particle (LSP) and other supersymmetric particles. Supersymmetry is one of
the most promising theories for extending the Standard Model and may be the

key to solving many problems in particle physics and cosmology.



1 STANDARD MODELS
PROBLEMS

The discovery of a new scalar particle by the ATLAS and CMS collaborations
at the LHC was one of the most important events in particle physics in the last
few years. The results obtained are very close to the theoretical predictions for
the Higgs boson within the Standard Model (SM). This fact emphasizes the
triumph of the SM. However, despite its beauty and ability to explain the vast
majority of experimental results in particle physics, the SM has a number of
serious shortcomings. These include the following experimentally established
facts. First, in the SM neutrinos, unlike other fermions, are represented only
by left-handed components, and it is impossible to write out a gauge invariant
renormalizable mass summand for them. As a result, the lepton number is
conserved in the SM and oscillations, i.e., transitions of neutrinos of one flavor to
neutrinos of another flavor, are forbidden. Therefore, the observation of neutrino
oscillations clearly indicates that the mass of at least two types of neutrinos
is different from zero, which is contrary to the SM predictions. Secondly,
astrophysical observations indicate the presence in the Universe, in addition to
visible matter, of dark matter, which is literally invisible and interacts with
visible matter mainly only gravitationally. Other types of interaction of dark
matter with ordinary matter are very weak or absent at all, and therefore one
can judge about its amount and character of its distribution in the Universe
only on the basis of analyzing data on the rotation curves of galaxies and
observations of gravitational lensing effects. Thirdly, it is a very curious fact
that our world is composed of matter only, and not of matter and antimatter
equally, as might be expected. This is confirmed, for example, by the fact that
if there were some distant regions in the Universe composed of antimatter, then
there would be characteristic radiation from the boundaries of these regions due
to annihilation of matter and antimatter, which is not observed in reality. There

is no mechanism of generation of the Baryonic Asymmetry of the Universe



in the SM. In view of these observations, we are forced to believe that the
SM is a part of another, more fundamental theory, which somehow solves the
problems described above. At present, a great number of models describing
phenomena beyond the SM have been proposed. These include models with
extra dimensions, Lorentz symmetry breaking, and many others. One of the

most attractive and promising ideas of SM extension are supersymmetric models

3]



2 SUSY

Supersymmetry is a symmetry between bosons and fermions, which arose
as a result of the desire to generalize the Poincaré algebra to representations
with different spin by introducing so-called graded Lie algebras, i.e., by adding
anti-commutators to the usual commutators of the Lorentz algebra. Let Q
be the generator of a supersymmetry algebra. Acting on a bosonic state it

transforms it into a fermionic state, and vice versa:
Q|boson >= |fermion > andQ|fermion >= |boson >

Since bosons commute with each other and fermions anticommute, it follows
immediately that supersymmetric generators must also anticommute, i.e., they
must be fermionic and change spin by a half-integer and change statistics [4]. To
make the Standard Model supersymmetric, it is necessary to introduce a new
fermionic partner for each boson and a new bosonic partner for each fermion.
Each SM particle and its supersymmetric partner have the same quantum
numbers, except for spin. In SUSY, processes with violation of the conservation
of lepton and baryon numbers become possible, which leads to the possibility of
proton decay. To avoid this, a new type of symmetry (R- parity) is introduced

3(B-L)+25 where S

to suppress such processes. R-parity is defined as R = (—1)
is the spin of the particle and B and L are the baryon and lepton numbers. For

SM particles R-parity is equal to +1, and for supersymmetric particles it is -1

4]
2.1 MSSM

The Minimum Supersymmetric Standard Model (MSSM) is a supersymmetric
extension of the Standard Model with the smallest possible number of new
fields. In MSSM every known fundamental particle is a component of a chiral
or vector supermultiplet and must have a superpartner with spin 1/2 different
from its own. Only chiral supermultiplets can hold fermions whose left and

right components are transformed differently by the gauge group. The scalar
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superpartners of quarks and leptons are called squarks and sleptons, respectively.
The Higgs doublet in the SM is also extended to a chiral supermultiplet by
the addition of a Higgsino with spin 1/2. But after breaking the electroweak
symmetry it can only give mass to up-type quarks. To give mass to the lower-
type quarks and charged leptons, one more Higgs supermultiplet must be introduced.
The SM gauge fields extended by fermionic fields with spin 1/2 are called

gauginos and form vector supermultiplets, as shown in Figure 1 right [1|. The

Names spin 0 spin 1/2 Names spin 1/2 spin 1
squarks, quarks (i, dp) (uz, dp) gluino, gluon g g
(3 x families) i fip winos, W bosons W W w*we
a dg bino, B boson il B°
sleptons, leptons (9, e1) (v, er)
(3 x families) o [
Higgs, Higgsinos (H, HD) (H;, HHD)
(H. HT) (=Y, Hy)

Figure 1: (Left) Chiral multiplets in the MSSM. The particle indices L and R
denote the chirality of the SM partner. (Right) Vector multiplets in the MSSM

superpartners of gluons are called gluino, and the superpartners of W- and B-
bosons are wino and bino, respectively. It is known from experimental observations
that SUSY cannot be an exact symmetry: no "selectron"with mass equals to the
electron mass has been found. Therefore, supersymmetry must be spontaneously
broken at a higher level, the consequence of which is the presence of mass terms
for supersymmetric particles at the electroweak level. Without assumptions
about the mechanism of supersymmetry breaking, these mass terms can be
treated as independent parameters. Spontaneous breaking of SU(2)L x U(1)Y
symmetry leads to significant mixing of third-generation squarks and sleptones
because of their large Yukawa couplings. Also binos, vinos and Higgsinos mix
to form two charged states, called charginos 553[7 and four neutral mass-ordered
states, called neutralinos 5{9 The Higgs sector of the MSSM consists of one
CP-odd (A), two CP-even (h, H) neutral Higgs bosons, and two charged Higgs
bosons (H*). Despite the fact that the sector contains five states, two parameters
are sufficient to describe its properties. Although the mass parameters are
unknown and can take any value, Higgsinos with masses of ~ 100 GeV, and
stop and gluinos on the scale of ~ 1 TeV are predicted. The main reason for

the attractiveness of the MSSM model is that it solves the hierarchy problem.
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Another important advantage is the availability of candidate particles for the
dark matter role. Usually, the lightest neutralino is chosen as the dark matter
particle in MSSM, it is the LSP. Currently, MSSM is one of the main targets

of research for experiments at the LHC.

2.2 GRAVITY COUPLING

Unification with gravitation is one of the main arguments in favor of
supersymmetry. The general idea is to unify all forces of nature, including
quantum gravity. However, the graviton has spin 2, while all other gauge bosons
(photon, gluons, W- and Z-bosons) have spin 1. Hence, they belong to different
representations of the Poincaré group. In order to unify them, one can use
supersymmetry transformations. Starting from the graviton with spin 2 and
acting by supersymmetry generators, we obtain the following chain of states
5]

3 1

2—-—=1—=-=-=0
2 2

Thus, partial unification of fermions with bosons arises naturally in an attempt
to unify gravitation with other interactions. Also in case of a choice of supersymmetry
in a local form, the general theory of relativity (theory of gravitation) or

supergravity is naturally obtained.

2.3 RUNNING COUPLING CONSTANTS

According to the Grand Unification Theory (GUT), all known interactions
are different branches of a unified interaction. The unification of interactions
occurs at high energy. The energy dependence of the coupling constants is
described by the renorm-group equations. In SM the constants of strong and
weak interactions decrease with increasing energy, while the electromagnetic
coupling constant increases. Therefore, it is possible that at certain energy they
become equal. After processing the data obtained at the LEP [0] and Tevatron

[7] accelerators it became possible to check the theory of unification of constants



numerically. The following constants are compared:
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Figure 2: Evolution of the inverse coupling constants in the case of SM (left)

and in the case of its supersymmetric extension (MSSM) (right)

the evolution of the inverse coupling constants as functions of the logarithm of
the energy where it is clearly seen that in SM unification at a single point is
impossible. This is eliminated at the 8o level. In the case of SUSY the slopes of
the curves are modified due to the contribution of supersymmetric particles to
the evolution of the coupling constants and the possibility of their unification

appears. From the curve fitting we find the supersymmetry breaking point
MSUSY and the unification point MGUT:

Mspsy = 103,440,940, 4

Mepr = 1015,8 £ 0,3+ 0, 1,
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where the first error follows from the uncertainty in the measurement of the
coupling constants and the second from the uncertainty in the mass splitting of

supersymmetric particles. This observation was regarded as the first prerequisite

for SUSY.
2.4 HIERARCHY PROBLEM

The hierarchy problem is the difference (10'°) between scale of masses
determining the weak interaction and Planck mass determining the strength
of the gravitational interaction. The large value of the Planck mass relative
to the weak mass corresponds to the relative weakness of the gravitational
interaction, the strength of which is inversely proportional to the Planck mass.
If this mass is so large, the gravitational force must be extremely weak. Why
is the gravitational force so much weaker than the other fundamental forces we
know? According to quantum field theory, which combines quantum mechanics
and special relativity, there should be no difference. In fact, quantum field
theory states that the mass of the weak interaction and Plancks mass constant
should be roughly equal. In quantum field theory the Planck mass is important
not only because it determines the scale on which gravitation is strong. Among
other things, it is the mass at which both gravitation and quantum mechanics
are significant and at which physical rules must be violated. In SM radiative
corrections must be added to the mass of the light Higgs boson. These corrections
destroy the hierarchy unless they are reduced to the nearest 10~'. Such a
reduction requires a fine-tuning of the coupling constants. The only way to
obtain a reduction of quadratic terms (also known as a reduction of quadratic
divergences) is supersymmetry. Moreover, supersymmetry automatically reduces
all quadratic corrections in all directions of perturbation theory. This happens
due to the contributions of superpartners of SM particles. There are two types of
contributions: the contributions of the heavy Higgs boson and its superpartner,
and the contributions of the heavy gauge boson and the heavy calibrino. In
both cases there is a reduction of quadratic terms. This is true up to the
supersymmetry breaking scale, Mgsysy , which should not be too large (<

1 TeV) for the fine-tuning to be natural. By requiring for self-consistency of



perturbation theory that the radiative corrections to the mass do not exceed

the mass itself, one obtains:
IMj, ~ ¢*Msusy ~ M (2.1)

So if Mj, ~ 10?> GeV and g ~ 107!, then Mgygy ~ 10% GeV in order for the
relation to be valid. Hence, one can obtain the same estimate of the supersymmetry
breaking scale Mgysy ~ 1 TeV as from the coupling constants unification
condition. Therefore, it is usually said that supersymmetry solves the problem

of hierarchies [5].
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3 SUSY IN COSMOLOGY

3.1 DARK MATTER

The problem of dark matter in the Universe remains one of the most
important unsolved problems in astrophysics and cosmology. Based on the
Lambda-CDM cosmological model, non-relativistic matter makes up ~30% of
the total density of matter in the Universe, out of which only 5% is baryonic
matter, while the rest is a non-luminous form of matter not described by the
Standard Model. Evidence of the presence of dark matter are: the study of
galaxy rotation curves (the dependence of the rotation rate of galactic objects
on the distance to the galaxy center), spatial fluctuations of the relic microwave
background, the problem of the formation of the large-scale structure of the
Universe, gravitational lensing, and others. The main candidate for the role of
dark matter particles in our time is WIMP (from WIMP Weakly Interacting
Massive Particle). This term is used to refer to a class of particles characterized,
first of all, by such values of mass and annihilation cross section that allow them
to escape from equilibrium in the early Universe. Supersymmetric theories can
offer candidates for the role of WIMPs. In the case of preserving R-parity, the
LSPs should be stable and hence could have persisted in the Universe since the
Big Bang. As candidates for the role of dark matter particles in SUSY can be:

neutralino, gravitino, sneutrino.

3.2 BARIOSYNTHESIS

It is well known that baryonic asymmetry is observed in the Universe, the
basis of which is the absence of antimatter on macroscales up to the scale of
galaxy clusters. The problem generation of baryonic charge was first considered
by A.D. Sakharov [%], who suggested that in the early Universe baryonic excess
could arise as a result of pp - annihilation, baryosynthesis. The necessary

conditions for the emergence of baryonic asymmetry from initially charge-
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symmetric matter in the hot Universe are then as follows: 1) non-preservation
of the baryonic number; 2) violation of C- and CP-invariance; 3) deviation from
thermal equilibrium, and also, the value of B - L must be conserved [9]. SUSY
provides possibilities of electrically weak phase transition of the first kind, which
ensures fulfillment of condition (3), and also includes numerous new sources of

CP - violations.

3.3 INFLATION

The main idea of the Universe inflation model is that in the early Universe
there was a form of matter that created "anti-gravity'"forcing the Universe to
expand with acceleration > 0. This model assumes the existence of a scalar
field, the inflaton, responsible for the expansion of the Universe. In the SUSY
model candidates for the role of the inflaton are s-neutrinos and combinations

of Higgs bosons.
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4 EXPERIMENTAL SEARCH FOR

SUSY

In most SUSY models, R-parity is assumed to be preserved. This has two

essential consequences. If R-parity is conserved, then supersymmetric particles

are born only in pairs. Example of cross sections as a function of the particle
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Figure 3: Cross sections of selected supersymmetric processes at the LHC

mass is shown in Figure 3 [10]. For a given mass scale, the dominant process

is the birth of gluino pairs, followed by the birth of squarks, sneutrons, and

sneutrinos. In addition to the prohibition of the baryon number violation another

important consequence of R-parity conservation is the stability of the LSP.

This, in turn, means that for every supersymmetric particle born in a collision

there will be one LSP at the end of the chain of decays. Weakly interacting

LSPs behave like neutrinos and lead to a momentum imbalance called "missing

transverse momentum". Over the past decades significant p’** has been considered

as the most sensitive observable parameter for detecting the birth and decay of
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supersymmetric particles at colliders. The SUSY phenomenology and hence the
expected signatures in the detector are determined by the nature of the LSP,
which, in turn, depends on the underlying SUSY violation mechanism. For
example, in minimal supergravity models, the LSP is the lightest neutralino
X}, and in the GMSB (Gauge-Mediated Supersymmetry Breaking) model the
LSP is a nearly massless gravitino. Although the various existing SUSY models
are an important guide for constructing searches with high discovery potential,
they are known to cover a relatively small region of the SUSY parameter space.
Therefore, the ATLAS and CMS collaborations have extended the investigated
phenomenologies including scenarios predicted by the "simplified models"MSSM
or pMSSM. Study of supersymmetric models at accelerators implies first of
all detection of superpartner particles and observation and study of various
phenomena that are explained in particular by supersymmetric SM expansions.
However, many SM processes lead to final states similar to those predicted by
SUSY and thus represent a background that needs to be carefully isolated.
Figure 4 below shows dia- grams of the gluino decays selected for the search
[1]. Optimal sensitivity to the different SUSY spectra is achieved by further
classifying candidate events according to the number of b-strings, W-/Z-/H-
bosons, top quarks, and the number, charge, and flavor of leptons. No significant
deviations from the SM were observed in the data collected by the ATLAS and
CMS detectors. The results of the searches were interpreted within simplified
models of the different production and decay modes and are summarized in
Figure 5. Figure 5 on the left offers a summary of all combined gluino searches
performed at ATLAS, Figure 5 on the right compares the sensitivities of the
different CMS analyses targeting gluino decay via scalar top quarks. In all
cases, gluino with mass less than ~ 2 TeV for X masses less than ~ 1 TeV are
excluded with a 95% credible probability. In SUSY violation scenarios where
the LSP is a nearly massless gravitino (e.g., GMSB), g-pair production can
lead to final states with two high-energy photons together with jets and a large
missing transverse momentum pi**. Searches for these signals reach sensitivities
in the 2 TeV range. Another direction in the search for supersymmetric particles
is the search for stops. It is assumed that the lightest stop may have a mass

of the same order of magnitude as the mass of the top quark. This search
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Figure 4: Selected decays of gluino, preserving R-parity, under different
assumptions about the SUSY spectrum: (a) gluino mass is smaller than quark
mass, which leads to decay via virtual quarks (if quark mass is a few hundred
GeV larger than gluino mass, this mode is reduced); (b) gluino is heavier than

squarks; (c, d, e) electroweakinos and slaptones are lighter than gluino

faces a number of experimental problems: for a given stop mass the cross
section of stop-pair production is much smaller than that of gluino production;
because of the expected small stop masses the SM particles resulting from decay
introduce a significant background into the measurements. Birth of stop-pairs
are usually characterized by a large missing transverse momentum p*** from
two LSPs and the presence of two b-jets. These two criteria are common and
basic in searches for various supersymmetric particles. Figure 6 shows the decay
channels selected for the stop search. The mass limits established by the ATLAS
and CMS searches are presented in Figure 7. These results show that the LHC
experiments exclude the existence of stops lighter than 1 TeV in the decay of ¢
to top quark and X! with masses smaller than 400 GeV at the LHC. The LHC
is also used to search for long-lived supersymmetric particles [1]. At present

supersymmetric particles have not been discovered, nevertheless for many of
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them strict mass constraints are obtained.
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CONCLUSION

Supersymmetry is one of the most promising theories for extending the
Standard Model due to its natural explanation of many key questions, such
as the hierarchy problem, inflation, and baryosynthesis. SUSY also proposes
several candidates for the role of dark matter: neutralino, gravitino, and sneutrino.
Thanks to proton-proton collisions at 13 TeV, the LHC allows the ATLAS
and CMS experiments to explore the energy frontier. Supersymmetry has been
considered the most promising theory for the past 60 years, prompting searches
in the data collected to date. Hundreds of searches have been conducted, expanding
our understanding of nature. The results of direct searches for supersymmetric
particles show that the LHC has eliminated the existence of gluinos below 2 TeV,
and stops and gauginos up to 1 TeV. These constraints demonstrate the great
potential of the collider experiments. However, they are generally obtained in
optimistic scenarios where supersymmetric particles decay into the final state.
In fact, SUSY may be hiding at lower mass scales as a result of complex mass
spectra and mixed modes of decays. Thus, the question of the possible existence
of supersymmetry remains open, and the search for supersymmetric partners is

still one of the most important tasks of modern experimental physics.

18



REFERENCE

Siggia V. R. An Introduction to Supersymmetric Quantum Mechanics //. —
2019.

Golfand Y. A., Likhtman E. P. Extension of the Algebra of Poincare
Group Generators and Violation of p Invariance // JETP Lett. — 1971. —
T. 13. — C. 323—-326.

Onezoeuy A. K. DeHOMEHOJIOTHST CYIIEPCUMMETPIIHBIX MO/JIEJIel CO CroJI-
JICTUHO B YCKOPHUTEIBHBIX SKCIIEPUMEHTaX : JHC. ... KaHja. / OseroBud

Acranos Koncrantun. — 2017.

Canepa A. Searches for supersymmetry at the Large Hadron Collider //
Reviews in Physics. — 2019. — T. 4. — C. 100033. — ISSN 2405-4283.

Kasaxos /[. U. CynepcuMMmeTpudHoOe paciiupeHne CTaHIapTHON MOjesin

dynamenTaabubIX B3anuMoeiicteuit. — 2014.

Garcia S. M. 1. Review of the measurements of the strong coupling constant
at LEP 2. — 1997. — arXiv: hep-ex/9704016 [hep-ex].

Measurement of the Strong Coupling Constant from Inclusive Jet Production
at the Tevatron pp Collider / T. Affolder [u ap.] // Phys. Rev. Lett. —
2002. — T. 88, Bemm. 4. — C. 042001.

Cazapos A. JI. Hapymenne CP-unBapuantnoctu. C-acummerpust u Oa-

puonnas acummerpus Beenennoit // Yer. dus. nayk. — 1991. — T. 161,
Ne5, — C. 61—64.

Pybaxos B. A., Illanownuros M. E. Daexrpociaboe HecoxpaHeHne Oa-

PUOHHOIO 4ncjia B panHeil BeeseHHONH U B CTOJKHOBEHUSIX YACTHIL IPU
BBICOKHUX 3Heprusix // Ve dus. nayk. — 1996. — T. 166, Ne 5. — C. 493—
537,

Supersymmetry production cross sections in pp collisions at sqrts = 7
TeV / M. Kramer [u mp.|. — 2012. — arXiv: 1206.2892 [hep-ph].

19


https://arxiv.org/abs/hep-ex/9704016
https://arxiv.org/abs/1206.2892

	Introduction
	Standard Models problems
	SUSY
	MSSM
	Gravity coupling
	Running coupling constants
	Hierarchy problem

	SUSY in cosmology
	Dark matter
	Bariosynthesis
	Inflation

	Experimental search for SUSY
	Conclusion
	References

