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Motivation
and
Introduction to Supersymmetry




The Standard Model

A quantum theory that describes how all known fundamental particles interact
via the strong, weak and electromagnetic forces

A gauge field theory with a symmetry group SU(3). X SU(2), xU(1),

F Carriers:
OHEE L ATHErS ELEMENTARY
PARTICLES

12 fundamental gauge fields:
8 gluons, 3 W,'s and B,

and 3 gauge couplings: &;,8, 43

Matter fields
3 families of quarks and leptons with B Rl P4
the same quantum numbers under

tions of Matter

the gauge groups I 1II II

SM particle masses and interactions have been tested at Collider experiments
==> incredibly successful description of nature up to energies of about 100 GeV




The Mystery of Mass

Crucial Problem in the SM: The origin of mass of all the fundamental particles

* s not possible to give mass to the gauge bosons respecting the gauge symmetry,
-- massless gauge bosons ==> imply long range forces --

How to give mass to the Z and W gauge bosons?

Weak Force Nuclear Fusion in the Sun

n—-p ez,

my, =80.449£0.034 GeV

Determines strength
of the weak force

l

Sun still burning !

A neutme Jetays 10 & peoce, an clectros, and
an antineetning via & victual [medisting) W
bosca. This is noatron B decay,

* A fermion mass term L=m yy =m (I/I_LI//R + I/I_RI/IL) is forbidden because it would mix

left- and right-handed fermions which have different quantum numbers

The gauge symmetries of the model do not allow to generate mass at all!




do/dQ® (ph/GeV?)

What is the origin of Mass of the Fundamental Particles ?
or
the source of Electroweak Symmetry Breakdown (EWSB)

¢+ There is a Field that fills all the Universe
-- it does not disturb gravity and electromagnetism but it renders
the weak force short-ranged
-- it slows down the fundamental particles from the speed of light

0 /6"%1 e il sl The electromagnetic and weak forces are unified
LGy, e ==> electroweak theory

10"
2 T what breaks the symmetry

10 . .
5 ==> the mysterious Field

10 # H1 e"p CC 94-00 prelim.

0 O ZEUS e'p CC 99-00 prelim.

! EWSB occurs at the electroweak scale
‘F? New phenomena should lie in
\\
3

SM e'p CC (CTEQSD)

the TeV range or below

0 HERAep collider
e within LHC/ILC reach

1'I}3 11]4

Q’ (GeV?




The Higgs Mechanism

A self interacting complex scalar doublet with no trivial quantum numbers under SU(2), x U(1)y

The Higgs field acquires non-zero value
to minimize its energy

' P~ o2 — 2 vis the scale
' <PlP>=v HEA T FEWsB

» Spontaneous breakdown of the symmetry generates 3 massless Goldstone bosons
which are absorbed to give mass to W and Z gauge bosons

» Higgs neutral under strong and electromagnetic interactions |m -0 m =0
exact symmetry SU(3). x SU(2) x U(1)y ==> SU(3)c x U(1),,

» Masses of fermions and gauge bosons proportional to their couplings to the Higgs

M§:g¢WV/2| |mf=hfv |

2 2
 One extra physical state -- Higgs Boson -- left in the spectrum ‘mHSM =2Av




The Hierarchy Problem of the SM Higgs Sector

« SMis an effective theory —— low energy quantities (masses,

couplings) expected to be given as a function of parameters of the
fundamental theory valid at Q> A

+ low energy dimensionless couplings: receive quantum
corrections prop. to log ( A)

+ what about the Higgs potential mass parameter (? v = |,u|2 /27

2
Quantum corrections to U are quadratically divergent

2 2 2
2 _ 2 2 n, gy +n,A° —n,g -
ILL = l’l“ (Aeﬂ)-l_ A‘Lt — A‘[LZ = Worvw h : f hf f AZeﬁ
16w '
to explain v =0
¥ (mw) g —-ﬁw’,i(? iy Gﬁ =
either Aeﬁ”, < 1 TeV or extreme ; L Ry he

fine tuning to give cancellation




Quantum Corrections to the Higgs Mass Parameter

Quadratic Divergent contributions:

N hy A’ A
Sm, = 1671'2 —2A2+3m]2p log[m—; +2A% - 2m’ log m_f
fL S. + Sr
hf h P
H O f .. ‘:
2 S |. f
H e /
______ ——
fr hy

If the mass proceed from a v.e.v of H, the cancellation of the log terms is ensured
by the presence of an additional diagram induced by trilinear Higgs couplings.

The fermion and scalar masses are the same in this case: mf=ms = hgv

Supersymmetry is a symmetry between bosons and fermions
that ensures the equality of couplings and masses
Automatic cancellation of loop corrections to the Higgs mass parameter




Supersymmetry

lesson from history: electron self energy==>fluctuations of em fields
generate a quadratic divergence but existence of electron antiparticle
cancels it, otherwise QED will break down well below M,,

Will history repeat itself? Take SM and double particle spectrum
New Fermion-boson Symmetry: SUPERSYMMETRY (SUSY)

PARTICLES THAT PARTICLES THAT
MAKE P MATTER MEDIATE FORCES
CHUARK ELECTRON PHOTOM GLUON HIGGS

e G OOQJO

THEGRETICAL

.00 0000

TI'IEIH
SPARTICLE™ “SQUARK™ “SELECTRON" HO" “GLUING™ il HmﬁSlHﬂ"

No new dimensionless couplings
Couplings of SUSY particles equal to couplings of SM particles




Why Supersymmetry?

Helps stabilize the weak scale-Planck scale hierarchy

SUSY algebra contains the generator of space translations
—> necessary ingredient of theory of quantum gravity
Allows for gauge coupling Unification at a scale ~ 10'® GeV

Starting from positive Higgs mass parameters at high energies,
induces electroweak symmetry breaking radiatively

Provides a good Dark matter candidate : the Lightest SUSY Particle

Provides a solution to the baryon asymmetry of the universe




Structure of Supersymmetric Theories

The Standard Model is based on a Gauge Theory.

A supersymmetric extension of the Standard Model has then to
follow the rules of Supersymmetric Gauge Theories.
These theories are based on two set of fields:

— Chiral fields, that contain left handed components of the fermion
fields and their superpartners.

— Vector fields, containing the vector gauge bosons and their

superpartners.

Right-handed fermions are contained on chiral fields by means of
their charge conjugate representation

(Vr)" = (W) with ¥© = jpp* Y2 = ( ! %2 )

g2

Higgs fields are described by chiral fields, with fermion superpartners




Supersymmetry Generators

For every fermion there is a boson of equal mass and couplings

Supersymmetric transformations relate bosonic to fermionic degrees of freedom
the operator Q that generates that transformation acts, schematically

QIB>=|F> Q|F >=|B> Q'B>=|F> Q'|[F>=|B>

The SUSY generators, Q and QT
are two component anti-commuting spinors satisfying;

_ Ty
{Qa-Ql} =20 P, {Qa,Qs} ={QL,Q5} =0 [Qa, P"] = [QL, P*] =0
where o# = (I,5), o* = (I,—7), and o* are Pauli Matrices
P* = (H,p) is the generator of spacetime translations: part of the SUSY algebra

Two spinors may contract to form a Lorentz invariant:

waon — waeaﬁxﬁ Wiia — &&edﬁ'iﬁ




Hamiltonian of Supersymmetric Theories

@ Since there is a relation between the momentum operator and the SUSY
generators, one can compute the energy operator

B = (QuQl + Q11 + @:0} + Qle» )

@ Two things may be concluded from here. First, the Hamiltonian operator is
semidefinite positive.

< H>=E>0

@ Second, if the theory is supersymmetric, then the vacuum state should be
annihilated by supersymmetric charges

Qu.0>=0, QL0o>=0 = <0/H|0>=0

@ So, the vacuum state energy is zero ! The vacuum energy is the order
parameter for Supersymmetry breaking.




Effective Potential of a Supersymmetric Theory

V(@) Preservatlyon of SUSY

P

Non-trivial Minimum could lead to the breakdown of gauge or global
symmetries but SUSY is preserved, provided the value of the effective

potential at the minimum is equal to zero, like in the Figure above.




Spontaneous breakdown of SUSY
!

V(®)

o

If the Minimum of the Potential is at a value different from zero, then
the vacuum state is not supersymmetric and SUSY has been broken
spontaneously.

A massless fermion, the Goldstino, appears in the spectrum of the
Theory.

In Supergravity (local supersymmetry) theories, this Goldstino appears
as the longitudinal component of the Gravitino, of spin 3/2.




Four-component vs. two-component Weyl fermions

* A Dirac spinor is a four component object whose components are

wD:(zgz) wgz(iﬁzﬁ)

* A Majorana spinor is a four component object whose components are

¢M2<§g) Uir = Yum

* Gamma Matrices

0 ok (-1 0
(27) (Y

* Observe that ¥D,L = X; Ypr=1Y% = ()




* Usual Dirac contractions may then be expressed in terms of two
components contractions

Ypp =YX + h.c. with ¥p = (¥*  Xa)

In particular:
Ypy'Pp = Yot + xotx = oty + xatx

Observe that Majorana particles lead to vanishing vector currents
Hence, they must be neutral under electromagnetic interactions

Chiral currents, instead, do not vanish

vy 5D = ot — xal'x =~y — xat'x
They may couple to the Z boson

Other relations may be found in the literature




Superspace

e In order to describe supersymmetric theories, it proves convenient to

introduce the concept of superspace.

e Apart from the ordinary coordinates z*, one introduces new

anticommuting spinor coordinates 8¢ and 04; [0] = [0] = -1/2.

e One can also define derivatives

(0,05} =0,  000=0; [0Q,0Q] = 2000"P,
G,

% = o

0a0” = 65; 0a(0°03) = 26,




Supersymmetry representation

Supersymmetry 1S a particular translation in superspace,

characterized by a Grassman parameter £.

Supersymmetry generators may be given as derivative operators
Qo =i |—0p —i0"00,,]

One can check that these differential generators fulfill the SUSY algebra.

Superspace allows to represent fermion and boson fields by the same

superfield, by fields in superspace

The operator
D = —0g + ZHU“@M

commutes with the supersymmetry transformations.

So, if a field depends only on the variable y* = " — i@}“é) since Dyt = 0
satisfies D® = 0

the supersymmetric transformation of such field depend only on vy




Chiral Superfields: (D® = 0)
e A generic scalar, chiral field is given by
®(2,0,0 =0) = A(z) + V2 0 ¢(z) + 0°F(z)
®(x,0,0) = exp(—id,05"0) ®(x,0,0 = 0)

The supersymmetric transformation of a chiral field is chiral.

e A, Y and F are the scalar, fermion and auxiliary components.

e Under supersymmetric transformations, the components of chiral

fields transform like
A = V2, OF = —i/2€510,)
) = —iV20MED, A+ V2AF

e The F' component transforms like a total derivative.




Properties of Chiral Superfields:

The product of two superfields is another superfield.

For instance, the F-component of the product of two superfields ®;

and ®5 is obtained by collecting all the terms in 62, and is equal to

(D1D2), =A1F2 + A2F1 2 1t
For a generic Polynomial function of several fields P(®,), the result is
1
P(®)]p = (04, P(A)F; — - (03,4, P(4)) vt

Finally, a single chiral field has dimensionality [A] = [®] = 1, [¢]|=
3/2 and [F] = 2. For P(A), [P(®)]r = [P(®)] +1 ([0] =1[0] =-1/2).




Expansion of a Chiral Superfield
* |n the above, we only used the form of the chiral superfield at § = (

However, for many applications the full expression of the chiral superfield is
necessary:

®(x,0,0) = exp(—i0,00"0) ®(x,6,0 =0)

!

O(z,0,0) = A(z) + 10" A(z)00,0 — i@ZA(x)QQG_Q

/2 0(x +z—6“¢(a:)0,ﬂ+F(:c)92




Vector Superfields

*Vector Superfields are generic hermitian fields. The minimal irreducible
represenations may be obtained by:

_ _ _ _ 1 .
V(z,0,0) = — (00"0) V,, + 670X — i6°0X + 592921)

*Vector Superfields contain a regular gauge vector field V,,, its fermionic
superpartner )\ and an auxiliary scalar field D

Under supersymmetric transformations the components transform like:
a c= )@ N a 2 —v a a
5VM — _fgﬂ)\ — A O'qu 5)‘04 — —5(0"“0 f)aFw/ + & D
6D = i(EaMV A — V A 5H¢) with V,, = 8, +ig Vo T°

The D component of a vector field transforms as a total derivative

o D=[V]+2;[V,]=[V]+1: [N =[V]|+3/2. If V, describes a
physical gauge field, then [V] = 0.




Superfield Strength and Gauge transformations

e Similarly to F),, in the regular case, there is a field that contains the
field strength. It is a chiral field, derived from V (W = —DDDV/4),
and it is given by

W@(x’ 97 H_ — 0) — —\° —+ (QO'MV)(X FHY + %D — 92 (5_MDM5\)O¢

e Under gauge transformations, superfields transform like

¢ —  exp(—igA)?, Wo — exp(—igA\)W, exp(ig/)

exp(gV) — exp(—igA)exp(gV)exp(igA)

where A is a chiral field of dimension 0.




Towards a SUSY Lagrangian

The aim —> construct a Lagrangian invariant under supersymmetric and
gauge transformations

The variation § £ should be a total derivative such that the action
S = /d4a: £ is invariant

Recall: The F-component of a chiral field (or products of chiral fields)
& The D-component of a vector field
transform under SUSY like a total derivative

If renormalizability is imposed, the dimension of all terms in the Lagrangian:

On the other hand the dimensions of the chiral and vector fields are:

(D] =1, (Wal =3/2, V] =0.

and one should remember that [V|p = [V] 4+ 2; [®|p = [®] + 1.




The Supersymmetric Lagrangian

e Once the above machinery is introduced, the total Lagrangian takes

a particular simple form. The total Lagrangian is given by

1 _
Lsusy = @ (TrWWulp + h.c.) + Z (<I> exp(gV)CI))D

+  ([P(®)]p + h.c.)

where P(®) is the most generic dimension-three, gauge invariant,
polynomial function of the chiral fields ®, and it is called

Superpotential. It has the general expression

ij Aij
P(®) = ¢;®; + %cbicpj n S—chpz-cbkcpk

e The D-terms of V and the F' term of ®; do not receive any
derivative contribution: Auxiliary fields that can be integrated out

by equation of motion.




SUSY Lagrangian in term of Component Fields

e The above Lagrangian has the usual kinetic terms for the boson and
fermion fields. It also contain generalized Yukawa interactions and
contain interactions between the gauginos, the scalar and the fermion
components of the chiral superfields.

Lsusy = (DMAZ)T DA; + (szﬁ'upuwi -+ hC)

(Go,)° + ( XGHD )\a+hc>

!

4

1 . * a

_ (%)A oA, ithy — iV 2g AT T\ —i—h.c.)

— V(F,,Ff,D%

The last term is a scalar potential term that depends only on the auxiliary fields




Notation bookkeeping

All standard matter fermion fields are described by their left-handed
components (using the charge conjugates for right-handed fields) ),

All standard matter fermion superpartners are described the scalar

fields A;.There is one complex scalar for each chiral Weyl fermion
Gauge bosons are inside covariant derivatives and in the ¢/, terms.

(Gauginos, the superpartners of the gauge bosons are described by the
fermion fields )\,. There is one Weyl fermion for each massless gauge

boson.

Higgs bosons and their superpartners are described as regular chiral
fields. Their only distinction is that their scalar components acquire
a v.e.v. and, as we will see, they are the only scalars with positive
R-Parity.




The Scalar Potential

V(FF7 DY) = SEE + o3 (D)

where the auxiliary fields may be obtained from their equation of
motion, as a function of the scalar components of the chiral fields:

. OP(A) @ -

Observe that the quartic couplings are governed by the gauge couplings
and that scalar potential is positive definite | The latter is not a surprise.
From the supersymmetry algebra, one obtains,

H =

|

2
> (QLQa + QuQY)
a=1

e If for a physical state the energy is zero, this is the ground state.

e Supersymmetry is broken if the vacuum energy is non-zero !




Couplings

: ij Aij
Recall the scalar part of the superpotential P(A4) = %AZ'AJ' + TjkAiAjAk

* The Yukawa couplings between scalar and fermion fields

1 9*°P(A) ¥

LAk

are governed by the same couplings as the scalar interactions coming from

2
<6P<A>) — My Amgk A7 AjAk and Ak Ay Aj A AT A7

8AZ mail
AN /
s
|Z k> £~ ¥
A X
J Ak ANV
-~ ~ / AN

The superpotential parameters determine all non-gauge interactions




o Similarly, the gaugino-scalar fermion interactions coming from

— V29 AT, 0\ + h.c.
are governed by the gauge couplings

No new Couplings!

same couplings are obtained by replacing particles by their superpartners
and changing the spinorial structure

Masses

The superpotential parameters determine also the matter field masses
and give equal masses to fermions and scalars when the Higgs acquires a v.e.v

2




SUSY corrections to the Higgs mass parameter:
For every fermion there 1s a boson with equal mass and couplings

Self energy of an elementary scalar related by SUSY to the self energy of
a fermion

Cancellation of quadratic divergences in Higgs mass quantum corrections has to do
with SUSY relation between couplings and bosonic and fermionic degrees of freedom

2 2 2 2 2 2
Au” =g, <lm; — m}]ln(Aeﬁ /m;)  SUSY must be broken in nature
.
- L.R
[
n' ‘\ )\( PR I X
h h L h '
hf hf .h ..... ) .‘:,...a.';---.h.. hzf‘\\ ,/'hzf
h =h’ TT
1 £ f

In low energy SUSY: quadratic sensitivity to Aeﬁ replaced by quadratic
sensitivity to SUSY breaking scale

The scale of SUSY breakdown must be of order 1 TeV, if SUSY is
associated with scale of electroweak symmetry breakdown




Properties of Supersymmetric theories

To each complex scalar A; (two degrees of freedom) there is a Weyl

fermion 1); (two degrees of freedom)
To each gauge boson V7, there is a gauge fermion (gaugino) \“.
The mass eigenvalues of fermions and bosons are the same !

Theory has only logarithmic divergences in the ultraviolet associated

with wave-function and gauge-coupling constant renormalizations.

Couplings in superpotential P|[®] have no counterterms associated
with them.

The equality of fermion and boson couplings are essential for the
cancellation of all quadratic divergences, at all oders in perturbation

theory.




Types of supermultiplets

Chiral (or “Scalar” or “Matter” or “Wess-Zumino”) supermultiplet:
1 two-component Weyl fermion, helicity j:%. np = 2)
2 real spin-0 scalars = 1 complex scalar. (ng = 2)

The Standard Model quarks, leptons and Higgs bosons must fit into these.

Gauge (or “Vector”) supermultiplet:
1 two-component Weyl fermion gaugino, helicity :I:%. (np = 2)
1 real spin-1 massless gauge vector boson. (ng = 2)
The Standard Model v, Z, W=, g must fit into these.




