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Unification Paradigm

Mass is a form Unification Theories

of energ y! Electricity and magnetism are different
manifestations of a unified "electromagnetic”
force. Electromagnetism, gravity, and the
nuclear forces may be parts of a single
unified force or interaction. Grand

Unification and Superstring theories A%
attempt to describe this unified We
force and make predictions
which can be tested with
the Tevatron.
oW
Flectromagnetic

Strong

 Unification of strong, weak and electromagnetic
interactions within Grand Unified Theories 1s the new
step 1n unification of all forces of Nature

* Creation of a unified theory of everything based on
string paradigm seems to be possible




P8, What is SUSY?
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Supersymmetry 1s a boson-fermion

that 1s aimed to unify all forces 1~
gravity within a singe frap A A9
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* Modern 3 \O© in particle physics
are based 0\n\\O < -m, though low energy
manifestatio -5 Y can be found (?) at modern

colliders and nrnon-accelerator experiments



Motivation of SUSY in
Particle Physics

Unification with Gravity

Unification of gauge couplings
Solu@¢haesioin e denmulionprobled)| fermion >=| boson >
Dark matter in the Universe

Sup%}ﬁi@gsﬁ spin 3/2 — spin 1 — spin 1/2 — spin 0

Unification of matter (fermions) with forces (bosons) naturally

arises
from an atte nt to it oraxritxr sxrith tha athovr 1ntaractioana

(0,.0;}=26"(0") 4P, = {6,.5,}=2(ec"E)P,

€ =€(x) local coordinate transf. = (super)gravity

Local supersymmetry = general relativity !




Motivation of SUSY in
Particle Physics

e Unification of gauge couplings

Low Energy High Energy
SU.(3) SU, (2) U, (D) Gour (or G” + symm)
gluons W .,Z photon gauge bosons

quarks leptons fermions
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Motivation of SUSY

RG Equations da, |, ., .
. Zhbar, a=alin=g /l6r’, t=logQ/u’)
4
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b, -11 4/3 0 b, -9 2 0
Unification of the Coupling Constants
Input in the SM and in the MSSM
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SUSY yields unification!



Motivation of SUSY

e Solution of the Hierarchy Problem

mH ~ V ~ 102 GGV m_[—[ » 10-14 < 1
m, ~ V ~ 10° GeV My

Cancellation of quadratic terms

Destruction of the hierarchy by
radiative corrections

Q/ boson ~ fermion
] 2 u =0
v~ heavy (M) A
= dm?~ A2 . M2

S R
1 light (m) 102 10-! 10

gauge
~ boson ~ gaugino
+ g g =0

SUSY may also explain the origin
of the hierarchy due to radiative
mechanism




Motivation of SUSY

> Dark Matter in the Universe

The flat rotation curves of spiral

M;Tw galaxies provide the most direct
S evidence for the existence of large

expecled
from

s amount of the dark matter.

10 R (kpo)

7 M33 rotation curve

Spiral galaxies consist of a central

bulge and a very thin disc, and

surrounded by an approximately

spherical halo of dark matter SUSY provides a candidate for the
Dark matter — a stable neutral particle



Cosmological Constraints

New precise cosmological data

Qh* =1 — P=p,. -Supernova la e

Qvacuum = 73%
t from WMAP
Q, . ~23+4% (recent news from )
~ A0
paron = 470 Hot DM
(not favoured by
Dark Matter in the Universe: galaxy formation)

~

Cold DM <——
(rotation curves
of Galaxies)




Superalgebra

(Super) Algebra

Lorentz Algebra

[E,B1=0, (B, M [=i(8,,F, = 8,6F,);
(M M5 1= (8, M 15 = 86 M 1 = 81sM s + 8,6 M,),
SUSY Algebra

[0,,P,1=[0;,,]=0,

[04,M,,1=4(0,,)00;, [0,.M,,1=-105(5,, )5,

o,0,B,8=121i,j=12,..,N.

The only possible graded Lie algebra that mixes
integer and half-integer spins and changes statistics

Grassmannian
arameters 2 52
P %2 =0, ¥ =0

Superspace
X, — xu,Oa,Oa

o,00=1,2

SUSY Generators

— 0 _i~xt g”
ro _E_lo-ade au

—_ 3 10 oM
0, =—5+i8,0,,0

a~ oo u
5 —2
0,=0,0,=0
Supertranslation

x, = x, +i00,& —ikc 6,
0 —0+C,
6 >6+E&




Quanturm States

Quantum states: Vacuum= |E,A> O|E,A>=0

’ )i E /hlv‘\‘
[QOC’P‘LL]:[QOZ,P”]:O nergy helicity

State Expression # of states

vacuum | E,A> 1
l-particle | QIEA>=EA+1/2> (Y)=nN

o.particle | 00| EA>=EA+1> ()= 2

N-particle |0,0,..0, |E,A>=E,A+N/2> (% ): 1

N
Total # of states: 2 (f{v ): 2" =2""bosons + 2" fermions
k=0



SUSY Multiplets o o

helicity -1/2 0 1/2

"4
Chlral multlplet N — 1, )y:O # Of states 1 2 1 (qoﬁ l//)

Vector multiplet N =1, A=1/2 helicity -1-121/2 1| (4, Au)
#ofstates 1 1 1 1 f

spinor vector

Members of a supermultiplet are called superpartners

N=4 SUSY YM helicity -1-1/2 0 1/2 1
A=-1 # of states 1 4 6 4 1
N=8 SUGRA helicity -2-3/2-1-1/201/2 1 3/2 2
A=-2 # of states 1 8 28 56 70 56 28 8 1
N < 4S +_ spi N <4 For renormalizable theories (YM)
N <8  For (super)gravity



Simplest (N=1) SUSY Multiplets

Bosons and Fermions come In pairs

(P,¥) (4, 4,) (2.2)

Spin0 Spin1/2 Spin 1/2 Spin 1 Spin 3/2 Spin 2




SUSY Transformation

N=1 SUSY Chiral supermultiplet:

—» 8, A=-[2¢T,
— 581//=ix/50“58ﬂA+\/§8F,

0. F = iﬁéa“auyf

— parameter of SUSY transformation
(spinor)

Auxiliary field

(unphysical d.o.f. needed

T to close SYSY algebra )

SUSY multiplets  mmlp Superfiled in Superspace _
(y=x+1i600)
O(7,60) = A(y)+ 20y () +00F () SRR

_ ey Ly 100060 i
(5410070, 405+ 00T o) 4= gsmanr
320y (x) /2000,y (x)5" +69m
6" =006,, 6 =6.=0!




Gauge superfields

Gauge superfield
V(x,0,0) = C(x)+i0y(x)—i0 x(x)+iOOM (x)—iOOM " (x)
~00" v, (x)+i006[A(x) +ic 9, x(x)]—iO66[A(x)+ic"d, x(x)]

+1600660[D(x) +1aC(x)]
Field strength tensor
Gauge transformation W _ —

| V -V

Wa - _ZD : DOC €

Wess-Zumino gauge Covariant derivatives

C=y=M-=0 D, =2 .Eda
:> physical fields Dy =— == —zeaagaa#

W, =—ik, +6,D—+(c"c 0),F,, +6°c"D,A

o’ uv



How to write SUSY
Lagrangians

15t step
Take your favorite Lagrangian written in terms of fields

2 step

Replace Field (p,,A4,) = Superfield (®,V)

3ud step
Replace

Action = Jd4x L(x)  wmp Jd“x d*0 L(x,0,0)

Grassmannian integration in superspace Jd@a =0, JQ 5 do_ =9, 5



Superfield Lagrangians
Action = Jd“x L = jd“x do L

Grassmannian integration in superspace J-dea =0, J-G 5 do = 6043

Matter fields

Gauge fields Superpotential

Gauge transformation @ — ¢ **®, P* — O VoV +i(A—A")

Gauge invariant interaction (I)+(I) — (I)+ e’ V(I)



Gauge Invariant SUSY Lagrangian

quf°

rﬁgld5 L = +{d%0 (W W)+ [0 TH(W W)

—_—a—

SUSY YM ~— 4

+[d*0d%6 ®i(e” )@ + [d0 W(@) + [d*0 W( @)

Lysy g ==+ FLF* —id‘c*D, A" +1D*D"

4 7 uv
. arma . arma . _H . arna
+(auAi_lgVuT Ai)T(auAi_lgVuT Ai)_"//iG (aul//i_lgVuT l//i)
—D*gAIT* A4, —iN2gAI T Ay, +iN2gy, T* A" 4+ F'F,
W . oW
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