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• The SM is based on the Poincaré algebra, a symmetry between space and time.

• Is it possible to extend this algebra to include also a symmetry between 
fermions and bosons (“supersymmetry”) ?

• Yes, but we need to extend the field content of SM,
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3. SUSY BASICS

As already mentioned in the Introduction, SUSY is a symmetry between fermions and bosons. A SUSY generator
Q changes a fermion into a boson and vice versa:

Q|fermioni = |bosoni , Q|bosoni = |fermioni . (17)

Be aware that, while the generators of the Poincaré algebra (the algebra of space-time translations, rotations and
boosts) are bosonic operators (they do not change the spin of a particle), here we have introduced fermionic, hence
anti-commuting, operators!

For the following it is convenient to work in two-component Weyl notation. A four-component Dirac spinor is then
made of 2 Weyl spinors Q↵ and Q̄�̇ = (Q�)† with indices ↵ = 1, 2 and �̇ = 1, 2. (The use of normal undotted indices
for Q and dotted ones for Q̄ is simply a matter of convention.) Introducing one set of such fermionic generators,
corresponding to N = 1 supersymmetry, the algebra is given by

{Q↵, Q̄↵̇} = 2�µ
↵↵̇Pµ ,

{Q↵, Q�} = {Q̄↵̇, Q̄�̇} = 0 , (18)

[Q↵, Pµ] = [Q̄�̇ , Pµ] = 0 .

Here Pµ is the 4-momentum generator of space-time, �0 is the 2⇥2 identity matrix, and the �i are the Pauli matrices.
This constitutes an extension of ‘ordinary’ space-time by anti-commuting coordinates, xµ ! X = (xµ, ✓↵, ✓̄↵̇). X
is called the super-space. It combines the relativistic ‘external’ symmetries, such as Lorentz invariance, with the
‘internal’ symmetries of a field, such as weak isospin, and is in fact the unique extension [8] of the Poincaré algebra.

The new coordinates ✓ and ✓̄ are so-called Grassmann variables, or more precisely Grassmann spinors. Grassmann
variables have the property that they anti-commute with other Grassmann variables, {✓↵, ✓�} = {✓↵, ✓̄�̇} = 0, and
commute with any ordinary variable. Moreover, the product of a Grassman spinor with itself is given by ✓✓ =
✓1✓1 + ✓2✓2 = �2✓1✓2, and analogously for ✓̄, while any higher product of ✓’s (or ✓̄’s) vanishes. This means that any
Taylor expansion in ✓ (✓̄) will terminate in the ✓✓ (✓̄✓̄) term.

In conventional quantum field theory, particles are represented by fields which are functions of the four space-time
coordinates. The Poincaré algebra translates into di↵erential operators acting on these fields, e.g.,
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Going from Minkowski space to super-space, we introduce the SUSY generators in di↵erential form,

Q↵ =
@

@✓↵
� i�µ

↵�̇
✓̄�̇@µ , Q̄�̇ = � @

@✓̄�̇
+ i✓↵�µ

↵�̇
@µ . (20)

These operators now act on superfields, which are functions of xµ, ✓, and ✓̄. To determine the particle content, we
expand superfields in powers of ✓ and ✓̄. Conventional four-dimensional fields then appear as the coe�cients of the
expansion. This is completely analogous to the case of higher space-time dimensions, where a Fourier expansion in
the extra-dimensional coordinates produces a zero-mode particle and a tower of (infinite) Kaluza-Klein states in four
dimensions. The important di↵erence is that in the SUSY case the expansion in ✓ and ✓̄ terminates and hence leads
to a finite number of four-dimensional particles.

The simplest case is a chiral superfield, also called matter or scalar superfield, which depends only on ✓ (likewise,
an anti-chiral superfield depends only on ✓̄):

 (x, ✓) = �(x) +
p

2 ✓↵ ↵(x) + ✓✓F (x) . (21)

It contains a Weyl fermion  and a complex scalar �. The auxiliary field F has mass dimension 2 and is necessary
to close the algebra o↵-shell, i.e. to make the numbers of fermionic and bosonic degrees of freedom match on-shell
as well as o↵-shell. It has no physical degrees of freedom and can be removed by applying its equation of motion;
however, it plays an important role in SUSY breaking.

Obviously the quarks and leptons of the SM, being chiral fermions, can be accommodated in chiral superfields (21).
Here note also that the states in the same superfield carry the same gauge quantum numbers. We see already that
it is not possible to build a supersymmetric theory from SM fields only. Rather, SUSY requires the existence of
new states, so-called superpartners. The quarks and leptons of the SM hence each obtain scalar partners, so-called
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squarks and sleptons, and that separately for left- and right-chiral states, because they carry di↵erent SU(2) quantum
numbers. Similarly, the Higgs boson is contained in a chiral superfield and by SUSY obtains a fermionic partner, the
higgsino. Actually in the MSSM we have to introduce two Higgs doublets and their superpartners to ensure anomaly
cancellation.

For the gauge bosons, we need so-called vector superfields, which are functions of both ✓ and ✓̄:

V (x, ✓, ✓̄) = ✓�µ✓̄vµ(x)� i✓̄✓̄✓↵�↵(x) + i✓✓✓̄↵̇�̄↵̇(x) +
1
2
✓✓✓̄✓̄D(x) . (22)

A vector superfield contains a vector boson v and a Majorana fermion �. The field D is, like F , an auxiliary field with
with mass dimension 2 and no physical degrees of freedom. The spin-1 gauge bosons of the SM, identified with v, thus
obtain spin-1/2 partners, the gauginos. The Majorana nature of the gauginos will be important for phenomenology.

Such a doubling of the spectrum by a new symmetry has actually been seen before: when going from 3D space to
4D space-time, the theory requires the existence of anti-particles. Now when going from space-time to superspace,
the theory requires the existence of superpartners. The two issues are completely analogous.

For those who want to dig deeper into the superfield formalism, there are numerous lecture notes and textbooks
available. A nice step-by-step introduction, starting from a very basic level, is given in [105]. Note also that we have
not discussed the breaking of supersymmetry; for this we refer the interested reader to the literature. Recommended
texts are [48, 105, 106].

4. THE MINIMAL SUPERSYMMETRIC STANDARD MODEL

4.1. Definition of the model

The minimal supersymmetric standard model is the straightforward supersymmetrization of the SM. Here we just
explain the basic building blocks of the model. For detailed reviews, see e.g. [1, 48, 107]. The MSSM is build up as
follows:

• In addition to the gauge boson fields, spin- 1
2 gaugino fields are introduced. The partners of Bµ and W i

µ are
the bino B̃ and winos W̃ i. The superpartners of the gluons are the gluinos g̃.

• Quarks and leptons get spin-0 partners called squarks and sleptons. As there has to be a superpartner for
each degree of freedom, two bosonic fields are needed per SM fermion: the left- and right-chiral fields q̃L, q̃R

and ˜̀
L, ˜̀

R.

• In the Higgs sector, one needs two complex Higgs doublets with hypercharges ± 1
2 in order to give masses

to up- and down-type quarks and leptons, and to cancel anomalies. The Higgs fields are assigned spin- 1
2

superpartners, the so-called higgsinos.

• Within the framework of supergravity, the model also includes the graviton (spin-2) and its fermionic partner
the gravitino (spin-3

2 ).

The particle content of the MSSM is summarized in Table I. The gauge interactions are determined by the gauge
group, which is the same as in the Standard Model: SU(3)C ⇥ SU(2)L ⇥ U(1)Y . For a concise derivation of these
interactions, see e.g. [48, 107]. Masses and couplings of the matter fields are determined by the superpotential W.
The choice of the gauge group constrains W but does not fix it completely. Holding to the priciple of minimality, that
means introducing only those terms that are necessary to build a consistent model, we get

W =
3X

i,j=1

⇥
(hE)ij H1LiE

c
j + (hD)ij H1QiD

c
j + (hU )ij QiH2U

c
j

⇤� µH1H2 , (23)

where i and j are generation indices. Contractions over SU(2) and SU(3) indices are understood. In particular,

H1H2 ⌘ ✏↵� H1↵H2� = H0
1H0

2 �H+
2 H�

1 , (24)

with ✏↵� a totally antisymmetric tensor used to contract over the SU(2) weak isospin indices ↵,� = 1, 2. Likewise,
H1QDc ⌘ ✏↵�H1↵Qa

�Dc
a where a = 1, 2, 3 is a colour index, and so on. The 3⇥3 matrices hD, hU , and hE are

dimensionless Yukawa couplings giving rise to quark and lepton masses. Moreover, hD and hU account for the mixing
between the quark current eigenstates as described by the CKM mechanism [72]. Notice that the same superpotential

• The straightforward application of above field content to build Lagrangian gives:

 meaning, super-partners are an algebraic requirement of SUSY algebra

What is supersymmetry (SUSY)?
The Algebra

RPC
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Neutralinos, 
charginos



• No evidence of SUSY particles at colliders,  SUSY particles are heavier than 
particles - mechanism of making them heavy is called SUSY breaking

What is SUSY?
Particle content

Neutralinos, 
charginos



• In general 105 total free parameters, as the SM has Yukawa couplings 

• Simplifications made on the basis of theoretical motivations (e.g. GUT idea)

• cMSSM: simplistic GUT scale model - 5 free parameters at GUT scale  

- m0 ... common scalar mass parameter,

- m1/2 ... common gaugino mass parameter,

- A0 ... trilinear coupling parameter,  tanβ ... ratio of the Higgs VEVs, 

- sign(µ) .... µ = Higgsino mass parameter

• pMSSM: weak scale model with 19 free parameters at the weak scale; 
assumptions: minimal flavor violations, no additional CP-phases

• We expect new physics at the TeV scale (Higgs mass stabilization), so typical 
SUSY mass scale should be about 1 TeV, in particular for stops and gluino

• Mass orderings and mass differences depend on the details of the model      
(→ initial values of the free parameters at the GUT or the weak scale)

Where is SUSY

cf. Akin’s talk



Where is SUSY

• Within unified models, the low scale parameters depend on high scale 
parameters through renormalization group running

• Different high scale parameters can lead to completely different mass spectra

mg̃ ⇡ 2.8m1/2

m�0
1
⇡ 0.4m1/2

mq̃ ⇡
q

m2
0 +Km2

1/2

K ⇡ 4.5� 6

Approximate mass relations for 
gluino, neutralino and squarks



Where is SUSY
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• Within unified models, the low scale parameters depend on high scale 
parameters through renormalization group running

• Different high scale parameters can lead to completely different mass spectra
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SUSY in the lab
Detection principle

NB a weakly interacting, stable (or long-lived) neutral 
particle will escape the detector leaving a deficit in 
the total amount of energy involved in the interaction.

Ex. : neutrino, lightest SUSY particle  



• We want SUSY to explain stable, electrically neutral dark matter

• Such guys will escape the detector just like neutrino

• Missing energy most anticipated signature

Consider a SUSY 
process

Estimate background 
from  the SM

Observe the final 
state at collider

Calculate the 
statistical significance 

of data over 
background

Do we see an excess?
In absence of 

excess, place limits

SUSY in the lab
Signal processing



• Final state 0 leptons + 2 to 4 jets + MET

• Backgrounds:  W + jets, Z + jets and ttbar

• Results interpreted in cMSSM

• Caution: This is only one of many 
channels/topologies

• We need to combine all limits 
together

SUSY in the lab
LHC search results

RPC



• Final state 0 leptons + 2 to 4 jets + MET

• Backgrounds:  W + jets, Z + jets and ttbar

• Results interpreted in cMSSM

Squarks and gluino 
below 1TeV excluded

• Caution: This is only one of many 
channels/topologies

• We need to combine all limits 
together

SUSY in the lab
LHC search results

RPC



• Dark matter occupies about 20% of the energy budget of the Universe

• Does not interact directly with photons, electrically neutral and stable

• In the early Universe

SUSY in the sky
Dark matter



• Dark matter occupies about 20% of the energy budget of the Universe

• Does not interact directly with photons, electrically neutral and stable

• In the early Universe

• Expansion slower than interaction

• Dark matter can annihilate into the 
SM particles

SUSY in the sky
Dark matter



• Dark matter occupies about 20% of the energy budget of the Universe

• Does not interact directly with photons, electrically neutral and stable

• In the early Universe

• Expansion slower than interaction

• Dark matter can annihilate into the 
SM particles

• Expansion faster than interaction

• Dark matter can not annihilation 
into the SM particles

• Relic density - remaining amount of 
dark matter after this stage

SUSY in the sky
Dark matter



• Search for DM either via direct detection or indirect detection

• Scattering of dark matter 
particles with the nuclei in the 
detectors

• Annihilation into e.g. photons via 
secondary decays

SUSY in the sky
Dark matter detection principle

Direct detection Indirect detection



• Neutralino annihilates into SM particles as shown above

• Limits from direct detection experiments can restrict neutralino mass and 
cross-section

• Results of these experiments constrain cross-section and mass of dark matter 
candidate

SUSY in the sky
Impact on neutralino dark matter

Belanger et.al. LAPTh



Putting things together
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Fit only for LHC results Fit including DM direct detection
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Recall approximate mass relations for gluino, 
neutralino and squark masses in the cMSSM

Caution: Results applicable only 
for constrained model

Fit only for LHC results Fit including DM direct detection



Is SUSY running away from us?



or SUSY doesn’t exist?

And we should look for something else?



• Simplified models of SUSY assume a specific decay chain and mass difference 
between two particles

• These place limit on the masses of particles than the underlying free 
parameters

• These limits differ to those from limits within cMSSM

Is it time to worry?
Simplified models
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• General weak-scale MSSM with 19 free parameters

• Neutralino and gluino masses not related to each other                                   
→ mass differences between these particles could be large or very small

• Can lead to scenarios which are experimentally very challenging

• cMSSM limits cover only a small region of the general parameter space

Is it time to worry?
pMSSM analysis

S. Kraml et al, LPSC
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• Neutralino and gluino masses not related to each other                                   
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• Can lead to scenarios which are experimentally very challenging
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LPSC theory group:

SUSY activities include

• Implications of LHC results in SUSY scenarios - do current searches cover all 
the parameter space of generic SUSY models? Are there scenarios which are 
being left out? Can current analyses be improved?

• Implications of a 125 GeV Higgs for SUSY - if the hints for a Higgs signal are 
confirmed, what would it imply for SUSY models?

• Alternative dark matter scenarios - talk focused on neutralino dark matter, 
SUSY however provides various dark matter candidates. What is their 
phenomenology (astrophysics, colliders)? How do they impact the LHC 
searched? 

• Alternative cosmological scenarios - Could dark matter be made of more than 
one component? What are the effects of altering the conditions in the early 
Universe on dark matter phenomenology?

close collaboration with experiments



• Searches for SUSY have just begun 

• SUSY seems to be tightly constrained only within very restricted model 
space e.g. cMSSM

• For generic models, the current search results are not applicable and 
experiments have started making efforts to explore such models

• There is a lot of space out there for a generic SUSY models study

Conclusions


