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| |      | |Q boson fermion Q fermion boson>= > >= >

[ , ] 0,   { , } 0 b b f f= = ⇒ { , } 2 ( )
ji ijQ Q Pµ

α µβ αβ
δ σ=! !First papers in 1971-1974 

!

No evidence in particle physics yet
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↵̇(x) + ✓

2
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Grassmannian 
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��↵ = (�µ⌫)↵↵̇✏̄
↵̇vµ⌫ + i✏↵D,

�D = ✏̄↵̇(�̃µ)↵̇↵@µ�
↵ � ✏↵(�µ)↵↵̇@µ�̄

↵̇



Gauge superfields

1 1
2 2

( , , ) ( ) ( ) ( ) ( ) ( )

( ) [ ( ) ( )] [ ( ) ( )]

[ ( ) ( )]

V x C x i x i x i M x i M x

v x i x i x i x i x

D x C x

µµ µ
µ µ µ

θ θ θχ θ χ θθ θθ

θσ θ θθθ λ σ χ θθθ λ σ χ

θθθθ

+= + − + −

− + + ∂ − + ∂

+ + !

 SUSY transformation

Gauge superfield

D-component transforms as a total derivative is SUSY invariantD|✓✓✓̄✓̄ 10

�C =
p
2✏↵�↵,

��↵ = i
p
2(�µ)↵↵̇✏̄

↵̇@µC +
p
2✏↵M,

�M = i
p
2✏̄↵̇(�̃µ)↵̇↵@µ�

↵ + i2C ✏̄↵̇�̄↵̇,

�vµ = �i�̄↵̇(�̃µ)↵̇↵✏
↵ + i✏̄↵̇(�̃µ)↵↵̇�

↵,

��↵ = (�µ⌫)↵↵̇✏̄
↵̇vµ⌫ + i✏↵D,

�D = ✏̄↵̇(�̃µ)↵̇↵@µ�
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Gauge superfields
Gauge transformation V V→ +Φ +Φ

*

*

2
2
( )

C C A A

i
M M iF
v v i A A

D D

µ µ µ

χ χ ψ

λ λ

→ + +

→ −

→ −

→ − ∂ −

→

→

Wess-Zumino gauge

0C Mχ= = =

physical fields

Field strength tensor
21

4
V VW D e D eα α

−= −

2
2 ( )iW i D F D

νµ µ
α α α α µν µλ θ σ σ θ θ σ λ= − + − +

in WZ   gauge

W̄↵̇ = �1

4
D2eV D̄↵̇e

�V

D̄W↵ = 0, DW̄↵̇ = 0

W↵W↵|✓✓ = �2i��µDµ�̄� 1

2
Fµ⌫F

µ⌫ +
1

2
D2 + i

1

4
Fµ⌫F ⇢�✏µ⌫⇢�

Chiral (anti-chiral) fields

The usual kinetic terms for the gauge field and its spinor superpartner
D-term has no derivative

11



12

1 1
2 3| [( ) | . .]i i i ij i j ijk i j kL m y h cθθθθθθ

λ+=Φ Φ + Φ + Φ Φ + Φ Φ Φ +

Superfields
SUSY Lagrangians



12

1 1
2 3| [( ) | . .]i i i ij i j ijk i j kL m y h cθθθθθθ

λ+=Φ Φ + Φ + Φ Φ + Φ Φ Φ +

Superfields

Components

SUSY Lagrangians



12

1 1
2 3| [( ) | . .]i i i ij i j ijk i j kL m y h cθθθθθθ

λ+=Φ Φ + Φ + Φ Φ + Φ Φ Φ +

* *

1
2    [ ( ) ( ) . .]

i i i i ii

i i ij i j i j ijk i j k i j k

L i A A F F
F m AF y A A F A h c

µ

µψ σ ψ

λ ψψ ψψ

= ∂ + +

+ + − + − +

!

Superfields

Components

SUSY Lagrangians



12

1 1
2 3| [( ) | . .]i i i ij i j ijk i j kL m y h cθθθθθθ

λ+=Φ Φ + Φ + Φ Φ + Φ Φ Φ +

 no derivatives * *

1
2    [ ( ) ( ) . .]

i i i i ii

i i ij i j i j ijk i j k i j k

L i A A F F
F m AF y A A F A h c

µ

µψ σ ψ

λ ψψ ψψ

= ∂ + +

+ + − + − +

!

Superfields

Components

SUSY Lagrangians



12

1 1
2 3| [( ) | . .]i i i ij i j ijk i j kL m y h cθθθθθθ

λ+=Φ Φ + Φ + Φ Φ + Φ Φ Φ +

 no derivatives * *

1
2    [ ( ) ( ) . .]

i i i i ii

i i ij i j i j ijk i j k i j k

L i A A F F
F m AF y A A F A h c

µ

µψ σ ψ

λ ψψ ψψ

= ∂ + +

+ + − + − +

!

Superfields

Components

 Constraint

SUSY Lagrangians



12

1 1
2 3| [( ) | . .]i i i ij i j ijk i j kL m y h cθθθθθθ

λ+=Φ Φ + Φ + Φ Φ + Φ Φ Φ +

 no derivatives * *

1
2    [ ( ) ( ) . .]

i i i i ii

i i ij i j i j ijk i j k i j k

L i A A F F
F m AF y A A F A h c

µ

µψ σ ψ

λ ψψ ψψ

= ∂ + +

+ + − + − +

!

Superfields

Components

 Constraint

SUSY Lagrangians

�L

�Fk
= F ⇤

k + �k +mikAi + yijkAiAj = 0



12

1 1
2 3| [( ) | . .]i i i ij i j ijk i j kL m y h cθθθθθθ

λ+=Φ Φ + Φ + Φ Φ + Φ Φ Φ +

 no derivatives * *

1
2    [ ( ) ( ) . .]

i i i i ii

i i ij i j i j ijk i j k i j k

L i A A F F
F m AF y A A F A h c

µ

µψ σ ψ

λ ψψ ψψ

= ∂ + +

+ + − + − +

!

Superfields

Components

 Constraint

SUSY Lagrangians

�L

�Fk
= F ⇤

k + �k +mikAi + yijkAiAj = 0 Fk



12

1 1
2 3| [( ) | . .]i i i ij i j ijk i j kL m y h cθθθθθθ

λ+=Φ Φ + Φ + Φ Φ + Φ Φ Φ +

 no derivatives * *

1
2    [ ( ) ( ) . .]

i i i i ii

i i ij i j i j ijk i j k i j k

L i A A F F
F m AF y A A F A h c

µ

µψ σ ψ

λ ψψ ψψ

= ∂ + +

+ + − + − +

!

* *1 1
2 2

* *    ( , )
i i i ij i j iji i j

ijk i j k ijk k i ji j

L i A A m m

y A y A V A A

µ

µψ σ ψ ψψ ψ ψ

ψψ ψ ψ

= ∂ + − −

− − −

!

Superfields

Components

 Constraint

SUSY Lagrangians

�L

�Fk
= F ⇤

k + �k +mikAi + yijkAiAj = 0 Fk



12

1 1
2 3| [( ) | . .]i i i ij i j ijk i j kL m y h cθθθθθθ

λ+=Φ Φ + Φ + Φ Φ + Φ Φ Φ +

 no derivatives * *

1
2    [ ( ) ( ) . .]

i i i i ii

i i ij i j i j ijk i j k i j k

L i A A F F
F m AF y A A F A h c

µ

µψ σ ψ

λ ψψ ψψ

= ∂ + +

+ + − + − +

!

* *1 1
2 2

* *    ( , )
i i i ij i j iji i j

ijk i j k ijk k i ji j

L i A A m m

y A y A V A A

µ

µψ σ ψ ψψ ψ ψ

ψψ ψ ψ

= ∂ + − −

− − −

!
*
k kV F F=

Superfields

Components

 Constraint

SUSY Lagrangians

�L

�Fk
= F ⇤

k + �k +mikAi + yijkAiAj = 0 Fk



Superfield Lagrangians

Grassmannian integration in superspace 0,  d dα β α αβθ θ θ δ= =∫ ∫

4  Action d x L= ∫
4 4  d x d Lθ∫
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Gauge fields
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4 2 4  L d W W d W W D F F i D

αα µν µ
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!
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Gauge transformation   Φ→ e− igΛΦ,  Φ+ →Φ+eigΛ+

,  V →V + i(Λ − Λ+ )

Gauge invariant interaction gVe+ +Φ Φ→Φ Φ

4  Action d x L= ∫
4 4  d x d Lθ∫

Superpotential

Matter fields
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LSUSY  YM = 1
4 d 2θ∫  Tr(WαWα ) + 1

4 d 2θ∫  Tr(W
α
W α )

+ d 2θ∫ d 2θ  Φia (egV )b
aΦi

b + d 2θ∫  W(Φi ) + d 2θ∫  W(Φi )

Super-
fields

Compo
nents

LSUSY YM = �1

4
F a
µ⌫F

aµ⌫ � i�a�µDµ�̄
a +

1

2
DaDa

+ (@µAi � igvaµT
aAi)

†(@µAi � igvaµT aAi)� i ̄i�̄
µ(@µ i � igvaµT a i)

� DaA†
iT

aAi � i
p
2A†

iT
a�a i + i

p
2 ̄iT

aAi�̄
a + F †

i Fi

+
@W
@Ai

Fi +
@W̄
@A†

i

F †
i � 1

2

@2W
@Ai@Aj

 i j �
1

2

@2W̄
@A†

i@A
†
j

 ̄i ̄j
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∂
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∂
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How to write SUSY Lagrangians
1st step

2nd step

 ( , , )   ( , )Field A Superfield Vµϕ ψ ⇒ Φ

Take your favorite Lagrangian written in terms of fields

Replace

15



0,  d dα β α αβθ θ θ δ= =∫ ∫

4  ( )Action d x L x= ∫
4 4  ( , , )d x d L xθ θ θ∫

How to write SUSY Lagrangians

Grassmannian integration in superspace

1st step

2nd step

 ( , , )   ( , )Field A Superfield Vµϕ ψ ⇒ Φ

3rd step

Take your favorite Lagrangian written in terms of fields

Replace

Replace

15
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Spontaneous Breaking of SUSY

0 | | 0E H=< > { , } 2 ( )
ji ijQ Q Pµ

α µβ αβ
δ σ=! !

21 1
4 4

1,2
0 |{ , } | 0 | | 0 | 0

jiE Q Q Qα αα
α α=

= < >= > ≥∑ ∑

0 | | 0 0E H=< >≠ if and only if | 0 0Qα >≠

Energy
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Mechanism of SUSY Breaking
Fayet-Iliopoulos (D-term) mechanism 4|  0L V d V D

θθθθ
ξ ξ θ ξΔ = = = ≠∫

(in Abelian theory)

O’Raifertaigh (F-term) mechanism 2
3 1 2 3 1( )W m gλΦ = Φ + Φ Φ + Φ Φ

*
1 2 1 2
*

2 1
* 2

3 1

2
 

F mA gA A
F mA
F gAλ

= +

=

= +

0iF< >≠

2 2
i i

bosons fermions

m m=∑ ∑

D-term F-term
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Why SUSY?

Supersymmetry is a dream of a unified theory of all particles and interactions

 Unification of the gauge couplings
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Unified Theory
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Why SUSY?

Supersymmetry is a dream of a unified theory of all particles and interactions

 Unification of the gauge couplings

 Solution of the hierarchy problem 

Cancellations of 
corrections and 

stabilization of the 
Higgs potential
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Why SUSY?

Supersymmetry is a dream of a unified theory of all particles and interactions

 Unification of the gauge couplings

 Solution of the hierarchy problem 

 Explanation of the EW symmetry violation

Violation of symmetry comes from radiative corrections

Motivation for SUSY in Particle Physics
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Why SUSY?

Supersymmetry is a dream of a unified theory of all particles and interactions

 Unification of the gauge couplings

 Solution of the hierarchy problem 

 Explanation of the EW symmetry violation

 Provided the DM particle

   χ
! 0

= N1γ
" + N2 z" + N3 H!1

0
+ N4 H! 2

0

Neutralino

Motivation for SUSY in Particle Physics

18



 Unification with gravity!

Why SUSY?

Supersymmetry is a dream of a unified theory of all particles and interactions

 Unification of the gauge couplings

 Solution of the hierarchy problem 

 Explanation of the EW symmetry violation

 Provided the DM particle

{ , } 2 ( )    { , } 2( )

( )  local coordinate transf.  (super)gravity

ji ijQ Q P P

x

µ µ
α µ ε ε µβ αβδ σ δ δ εσ ε

ε ε

= ⇒ =

= ⇒
! !

Local supersymmetry =  general relativity ! 

Motivation for SUSY in Particle Physics

18
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Minimal Supersymmetric Standard 
Model (MSSM)

SM: 28 bosonic d.o.f. & 96 fermionic d.o.f.

SUSY: # of fermions = # of bosons N=1 SUSY:

There are no particles in the SM that can be superpartners

Even number of the Higgs doublets – min = 2
Cancellation of axial anomalies (in each generation)

Higgsinos
-1+1=0

SUSY associates known bosons with new fermions 
 and known fermions with new bosons 



Superfield Bosons Fermions SUc(3) SUL(2) UY (1)

Gauge
Ga gluon ga gluino g̃a 8 0 0
Vk Weak W k (W±, Z) wino, zino w̃k (w̃±, z̃) 1 3 0

V0 Hypercharge B (�) bino b̃(�̃) 1 1 0
Matter

Li

Ei

Ni

sleptons

8
<

:

L̃i = (⌫̃, ẽ)L
Ẽi = ẽR
Ñi = ⌫̃R

leptons

8
<

:

Li = (⌫, e)L
Ei = eR
Ni = ⌫R

1
1
1

2
1
1

�1
2
0

Qi

Ui

Di

squarks

8
<

:

Q̃i = (ũ, d̃)L
Ũi = ũR

D̃i = d̃R

quarks

8
<

:

Qi = (u, d)L
Ui = uc

R
Di = dcR

3
3⇤

3⇤

2
1
1

1/3
�4/3
2/3

Higgs

H1

H2
Higgses

⇢
H1

H2
higgsinos

⇢
H̃1

H̃2

1
1

2
2

�1
1
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D̃i = d̃R

quarks

8
<

:

Qi = (u, d)L
Ui = uc

R
Di = dcR

3
3⇤

3⇤

2
1
1

1/3
�4/3
2/3

Higgs

H1

H2
Higgses

⇢
H1

H2
higgsinos

⇢
H̃1

H̃2

1
1

2
2

�1
1

21

Particle Content of the MSSM

L̃i = (⌫̃, ẽ)L
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R-parity

The consequences:
• The superpartners are created in pairs 
• The lightest superparticle is stable

  p
!

  p
!

• The lightest superparticle (LSP) 
   should be neutral - the best candidate 
   is neutralino  (photino or higgsino) 
• It can survive from the Big Bang  and 
   form the Dark matter  in the Universe 

B - Baryon Number 
L - Lepton Number 
S - Spin

The Usual Particle :  R = + 1 
SUSY Particle :        R =  - 1
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Superpartners Production at LHC

Annihilation

Quark- gluon 

 Fusion
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Decay of Superpartners

   

q! L,R → q + χ" i

0

q! L → q '+ χ" i

±

q! L,R → q + g!

   

l!→ l + χ" i

0

l!L →ν l + χ" i

±

  

g!→ q + q + γ!

g!→ g + γ!
   

χ! i

0
→ χ!1

0
+ l+ + l−

χ! i

0
→ χ!1

0
+ q + q '

χ! i

0
→ χ!1

±
+ l± + ν l

χ! i

0
→ χ!1

0
+ ν l + ν l

squarks

sleptons

chargino neutralino

gluino

   

χ! i

±
→ e + νe + χ! i

0

χ! i

±
→ q + q '+ χ! i

0

Final states

  

l+l− + ET

2 jets + ET

γ + ET

ET



27

Soft SUSY Breaking

Hidden  
sectorMSSM

SUSY
                Messengers 
!
Gravitons, gauge, gauginos, etc

Breaking via F and D terms in a hidden sector



27

Soft SUSY Breaking

Hidden  
sectorMSSM

SUSY
                Messengers 
!
Gravitons, gauge, gauginos, etc

   
−LSoft =  Miλi

!
α
∑ λi

! + m0i
2 | Ai

i
∑ |2 + + A ijk

ijk
∑ Ai Aj Ak + Bij Ai Aj

ij
∑

scalar fieldsgauginos

Breaking via F and D terms in a hidden sector



27

Soft SUSY Breaking

Hidden  
sectorMSSM

SUSY
                Messengers 
!
Gravitons, gauge, gauginos, etc

   
−LSoft =  Miλi

!
α
∑ λi

! + m0i
2 | Ai

i
∑ |2 + + A ijk

ijk
∑ Ai Aj Ak + Bij Ai Aj

ij
∑

scalar fieldsgauginos

Over 100 of free parameters !

Breaking via F and D terms in a hidden sector
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MSSM Parameter Space

Five universal 
 soft parameters:

versus and in the SM

mSUGRA Universality hypothesis (gravity is colour and flavour blind): 
Soft parameters are equal at Planck (GUT) scale

• Three gauge couplings 
• Three (four) Yukawa matrices 
• The  Higgs mixing parameter  
• Soft SUSY breaking terms
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SUSY Masses in MSSM
Gauginos+Higgsinos Squarks and Sleptons
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The Higgs Potential

Minimization Solution

At the GUT scale

No SSB in SUSY theory !
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Due to RG controlled running  the mass terms from the Higgs  potential may change sign and 
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Radiative EW Symmetry Breaking

For given 

Soft SUSY parameters Hard SUSY parameter

µ - problem 

Due to RG controlled running  the mass terms from the Higgs  potential may change sign and 
trigger the appearance of  non-trivial minimum leading to spontaneous breaking of EW  
symmetry  -  this is called  Radiative EWSB
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The Higgs Bosons Masses
CP-odd neutral Higgs A 
CP-even charged Higgses H

CP-even neutral Higgses h,H

±

Radiative corrections

   
mh

2 ≈ MZ
2 cos2 2β +

3g 2mt
4

16π 2 MW
2

log
m! t1

2
m! t2

2

mt
4

+ 2 loops
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• MSSM Higgs 
mH ≤ 130 GeV

LEP II

MSSM

NMSSM

Extra Higgses

NMSSM
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It may well be that we see one of these states
One has to check the presence or absence of 

heavy Higgs bosons
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The Lightest Superparticle

• Gravity mediation
  LSP = χ!1

0
stable

property signature

jets/leptons 

• Gauge mediation    LSP = G! stable

   

NLSP =
χ!1

0

l"R

⎧
⎨
⎪

⎩⎪
   χ
!

1

0
→γ G!,hG!,ZG! photons/jets

  l
!

R →τG" lepton

• Anomaly mediation

   

LSP =
χ!1

0

ν" L

⎧
⎨
⎪

⎩⎪

stable

stable
lepton

• R-parity violation LSP is unstable -> SM particles

Rare decays 
Neutrinoless double β decay
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