
!

"

#

$

Lectureson Supersymmetry I I

Carlos E.M. Wagner
HEP Division, Argonne National Laboratory

Enrico Fermi Institute, University of Chicago

Ecole de Physique de Les Houches, France, August 2Ð5, 2005.

1

PASI 2006, Puerto Vallarta, Mexico, October 30, 2006



fermions                       fermions                       bosonsbosons
supersymmetrysupersymmetry

electron                        electron                        sselectronelectron

quark                              quark                              ssquarkquark
photphot inoino photonphoton

gravitgravit inoino gravitongraviton
Photino,  Zino and Neutral Higgsino:  Neutralinos

Charged Wino, charged Higgsino: Charginos

No new dimensionless couplings. Couplings of supersymmetric particles
equal to couplings of Standard Model ones.  
Two Higgs doublets necessary.  Ratio of vacuum expectation values
denoted by  tan !
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Why Supersymmetry ?

• Helps to stabilize the weak scale—Planck scale hierarchy

• Supersymmetry algebra contains the generator of
space-time translations.
Necessary ingredient of theory of quantum gravity.

• Minimal supersymmetric extension of the SM :
Leads to Unification of gauge couplings

• Starting from positive masses at high energies, electroweak symmetry 
breaking is induced radiatively

• If discrete symmetry,  P = (-1)            is imposed,  lightest  SUSY 
particle neutral and stable: Excellent candidate for cold Dark Matter.

3B+L+2S
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Notation Refreshment
¥ All standard matter fermion Þelds are described by their left-handed

components (using the charge conjugates for right-handed Þelds) ! i

¥ All standard matter fermion superpartners are described the scalar
Þelds Ai . There is one for each chiral fermion.

¥ Gauge bosons are inside covariant derivativesand in the Gµ ! terms.

¥ Gauginos, the superpartners of the gauge bosonsare described by the
fermion Þelds " a. There is one Weyl fermion for each masslessgauge
boson.

¥ Higgs bosonsand their superpartners are described as regular chiral
Þelds. Their only distincti on is that their scalar components acquire
a v.e.v. and, as we will see, they are the only scalars with positiv e
R-Parit y.
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Lagrangian in terms of Component Fields
¥ The supersymmetric Lagrangian has the usual kinetic terms for the

boson and fermion Þelds. It also contain generalized Yukawa
interactions and contain interacti ons between the gauginos, the scalar
and the fermion components of the chiral superÞelds.
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¥ The last term is a potenti al term that depend only on the auxiliar y
Þelds
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Scalar Potential

V (Fi , F ∗
i , D a) =

!

i

F ∗
i Fi +

1
2

!

a

(D a)2 (2)

where the auxili ary Þelds may be obtained from their equation of
motion, as a functi on of the scalar components of the chiral Þelds:

F ∗
i = !

! P(A)
! Ai

, D a = ! g
!

i

(A∗
i TaAi ) (3)

Observe that the quartic couplings are governed by the gaugecouplings
and that scalar potential is positi ve deÞnite ! The latter is not a surprise.
From the supersymmetry algebra, one obtains,

H =
1
4

2!

! =1

"
Q 

! Q! + Q! Q 
!

#
(4)

¥ If for a physical state the energy is zero, th is is the ground state.

¥ Supersymmetr y is broken if the vacuum energy is non-zero !
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Higgs Mass Parameter Corrections in SUSY

One loop corrections to the Higgs mass parameter cancel if the 
couplings of scalars and fermions are equal to each other
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If supersymmetry is exact, there is always an additional, logarithmically
divergent diagram, induced by the presence of Higgs-scalar trilinear 
couplings, that ensure the cancellation of the logarithmic term.

~ ~
f fL R+
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Minimal SupersymmetricStandard Model

SM parti cle SUSY partner GS M

(S = 1/2) (S = 0)
Q = (t, b)L (÷t, ÷b)L (3,2,1/6)
L = (! , l )L (÷! , ÷l)L (1,2,-1/2)
U =

!
tC

"
L

÷t!
R (ø3,1,-2/3)

D =
!
bC

"
L

÷b!
R (ø3,1,1/3)

E =
!
lC

"
L

÷l !
R (1,1,1)

(S = 1) (S = 1/2)
Bµ ÷B (1,1,0)
Wµ ÷W (1,3,0)
gµ ÷g (8,1,0)
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Higgs Doublets
¥ Two Higgs doublets with opposit e hypercharge.

(S = 0) (S = 1/2)
H1 ÷H1 (1,2,-1/2)
H2 ÷H2 (1,2,1/2)

¥ Both Higgs Þelds acquire v.e.v. New parameter, tan ! = v2/v1.

¥ One should useboth Higgs doublets to give massesto quarks and
leptons

P [! ] = hu QUH2 + hdQDH1 + hl LEH1 (5)

¥ Once these two Higgs doublets are intro duced, a massterm may be
writt en

"P [! ] = µH1H2 (6)
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Higgs Fields

¥ Two Higgs Þeldswith opposite hypercharge.
(S = 0) (S = 1/2)
H1 ÷H1 (1,2,-1/2)
H2 ÷H2 (1,2,1/2)

¥ Both Higgs Þelds acquire v.e.v. New parameter, tan ! = v2/v 1.

¥ It is important to observe that the quantum numbers of H1 are
exact ly the sameas the ones of the lepton superÞeld L .

¥ This meansthat one can extend the superpotential P[! ] to contain
terms that replace H1 by L .

Lectu res on Supersymm etr y Car los E.M. Wag ner, A rgonne and EFI



Baryon and Lepton Number Violation
¥ General superpotent ial contains, apart from the Yukawa couplings of

the Higgs to lepton and quark Þelds, new couplings:

P[! ]new = ! ! LQD + ! LL E + ! !! UDD (41)

¥ Assigning every lepton chiral (antichiral) superÞeld lepton number 1
(-1) and every quark chiral (anti chiral) superÞeld baryon number 1/3
(-1/3) one obtains :

Ð Interactions in P[! ] conserve baryon and lepton number.

Ð Interactions in P[! ]new violate either baryon or lepton number.

¥ One of the most dangerousconsequencesof thesenew interaction is
to induce proton decay, unlesscouplings are very small and/or
sfermionsare very heavy.

Lectu res on Supersymm etr y Car los E.M. Wag ner, A rgonne and EFI



Proton Decay

s or b

d

u

u u

L

Q
λ′′ λ′

¥ Both lepton and baryon number violati ng couplings involved.

¥ Proton: Lightest baryon. Lighter fermions: Leptons

Lectu res on Supersymm etr y Car los E.M. Wag ner, A rgonne and EFI



R-Parit y
¥ A solution to the proton decay problem is to introduce a discrete

symmetry, called R-Parity. In the language of component fields,

RP = (! 1)3B +2 S+ L (7)

¥ All Standard Model particles have RP = 1.

¥ All supersymmetric partners have RP = ! 1.

¥ All interactions with odd number of supersymmetric particles, like
the Yukawa couplings induced by P [! ]new are forbidden.

¥ Supersymmetric particles should be produced in pairs.

¥ The lightest supersymmetric particle is stable.

¥ Good dark matter candidate. Missing energy at colliders.
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Feynman Rules for Supersymmetric Theories

Start with SM couplings

Change fermion by scalars
and gammas by momentum

Change one fermion by scalar
and gluons by gluinos and 
gammas by constants (Yukawa
Couplings). Extra factors are
mixing angles that project mass
eigenstates into gauge 
eigenstates.
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! +ig T p ka
3 ( ) µ

! +ig T c P s Pa
U L U R3 ( )

! +ig T c P s Pa
D L D R3 ( )
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Gluons and Gluinos

~g

~g

g

[ ]! ! + ! + !g f g k k g k k g k kabc3 1 2 2 3 3 1
µ" # " # µ µ# "( ) ( ) ( )

g

g g

! g fabc3 $ µ

Gluinos are strongly interacting particles and, unless very heavy,
are one of the most copiously produced particles at hadron colliders
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Scalar Interactions
¥ As we said before, the scalar potential may be obtained by adding

the D-terms, that depend only on the gaugestr ucture, with terms
that depend on the square of the derivative of the superpotent ial.

¥ For the given superpotential, we get terms like

VF = ht µ! H !
1 QU + h.c. (8)

¥ Once the Higgsacquire a v.e.v., th is induces a mixi ng betweenthe
right handed stop and left handed stop

! ht µ! v1÷tL ÷t!
R (9)

¥ This will a! ect the masses, that, however, should be equal to the
top-quark masses if supersymmetry is to be preserved ! What is
going on ?
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Effective Potential of a Supersymmetric Theory

V (! )

!

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. 

Preservation of SUSY



Preservation of Supersymmetry
¥ LetÕslook at the potential for the neutral Higgsbosons

VH 0 = |µ|2
!
|H 0

1 |2 + |H 0
2 |2

"
+

(g2
1 + g2

2)
8

!
|H 0

1 |2 ! |H 0
2 |2

"2
(10)

¥ To preserve supersymmetr y, we need the vacuum state to have zero
energy.

¥ This may be only obtained, oncethe Higgs acquire v.e.v., if :

µ = 0, tan ! = 1 (11)

¥ The potentia l presents a ßat direction under thesecondition s.
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Supersymmetry Breaking

¥ No supersymmetr ic particle have been seen: Supersymmetr y is
broken in nature

¥ Unlessa speciÞc mechanism of supersymmetry breaking is known, no
information on the spectr um can be obtained.

¥ Cancellation of quadratic divergences:

Ð Relieson equality of couplings and not on equalit y of the masses
of particle and superpartners.

¥ Soft Supersymmetry Breaking: Give di! erent masses to SM partic les
and their superpartners but preserves the structure of couplings of
the theory.
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Supersymmetry Breaking Parameters

Standard Model quark, lepton and gaugebosonmassesare protected by
chiral and gaugesymmetries.
Supersymmetr ic partners are not protected.
Explanation of absence of supersymmetric particles in ordinary
experience/ high-energy physics colliders: Supersymmetr ic particles can
acquire gauge invariant masses, as the one of the SM-Higgs.

Di! erent kind of parameters:

Squark and slepton masses m2
÷q, m2

÷l
Gaugino (Majorana) masses Mi , i = 1-3
Tri linear scalar masses( ÷f !

L
÷fR Hi ) Af , -µ! (Thi s last one comes

from the scalar potential derived from the superpotential |! P/! Ai |2.
They induce mixi ng betweenleft and right sfermions.
Higgsino Mass µ and associated Higgs Mass Parameters
|µ|2 + m2

H i
(The Þrst term may be derived from the superpotenti al).
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Higgs Potential

¥ Aft er supersymmetry breaking e! ects are considered, the Higgs
potential reads

V (H1, H2) = m2
1H †

1H1 + m2
2H †

2H2 + m2
3(H T

1 iτ2H2 + h.c.) +
λ1

2

!
H †

1H1

" 2
+

λ2

2

!
H †

2H2

" 2
+ λ3

!
H †

1H1

" !
H †

2H2

"
+ λ4

#
#$H T

1 iτ2H2
%#
#2

where

λ1 = λ2 =
g2

1 + g2
2

4
, λ3 =

g2
2 ! g2

1

4
, λ4 = !

g2
2

2
(12)

¥ This e! ectiv e potent ial is valid at the scale of the SUSY parti cle
masses.

¥ The value of the e! ective potential at low energies may be obtained
by evolving the quartic couplings with their renormalization group
equations.
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Large tan ! Limit
¥ This limit ariseswhen, approximately, only one of the two v.e.v.Õsis

di! erent from zero. To keep the top Yukawa coupling small, it should
be v2.

mt = ht v2 mb = hbv1 (13)

¥ If one makeshb large, of the order of ht , tan ! is about 50

¥ For this limit to happen m2
3 ! 0.

¥ Then, the doublet H2 contains the Goldstone modes and the
ÒphysicalÓSM-lik e Higgs boson, while H1 contains a scalar, a
pseudoscalar and a charged Higgs boson.

¥ Physical Higgs mass(m2
2 = " M 2

Z / 2)

m2
h = 2" 2v2 = M 2

Z (14)
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Evolution of Paramters
¥ In general, the parameters that one measures at low energies (large

distances) are not the fundamental ones, but they are modiÞed by
quantum correcti ons.

¥ For instance, if you put a charge into the vacuum stat e, it will
polarize the vacuum by inducing the production of virt ual particles
and antip articles, which ÒscreenÓthe original charge.

¥ This also happens with other couplings and also wit h mass
parameters. There are equations, called renormalization group
equations that allow to relate the fundamental parameters to the
onesat low energies.
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Higgs BosonMassat large valuesof tan !
¥ The RG evolut ion of ! 2 is given by

d! 2

dt
! "

3
8" 2

!
! 2

2 + ! 2h2
t " h4

t

"
(15)

with t = log(M 2
SU SY /Q 2).

¥ For large valuesof tan # = v2/v 1, the Higgs H2 is the only one
associated with electr oweak symmetry breaking.

¥ The Higgs boson massis approximately given by m2
h = 2! 2v2

m2
h ! M 2

Z +
3m4

t

4" 2v2

#
log

$
M 2

SU SY

m2
t

%
+

A2
t

M 2
SU SY

$
1 "

A2
t

12M 2
SU SY

%&

(16)

¥ The Þrst term comesfrom the SUSY contrib uti on. The logarithmic
term comes from the RG evolution, while the At dependencecomes
from threshold e! ects at M SU SY .
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Diagrams Contributing to the Quartic Coupling

H2

H2

H2

H2

H2

H2

H2

H2

Q, U

U, Q

U, Q

U

U

Q Q

ht At

ht At

ht At

ht At

ht At

ht At

h2
t

This diagrams provide the Þnite threshold corrections after
decoupling of the top quark superpartners.



Top Quark Contribution to the Higgs Quartic Coupling

H2

H2

H2

H2

ht

ht ht

ht

This diagram provides the dominant logarithmic contribution 
below the stop quark mass scale. 



Stop MassMatrix
¥ The stop, and other squarks, acquire masses that are controlled by

the supersymmetry breaking parameters.

¥ Once the Higgs acquires a v.e.v., the mass matrix is

M 2
÷t =

!

" m2
Q + m2

t mt (At ! µ! / tan ! )

mt (A!
t ! µ/ tan ! ) m2

U + m2
t

#

$ (17)

¥ In general, the existence of At and µ denote couplings of the stops to
the Higgs bosons, that induce finite corrections to the quartic
couplings.
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Carena, Haber, Hollik, Heinemeyer, Weiglein, C.W. Õ00
Heinemeyer, Hollik, WeigleinÕ02
Degrassi, Slavich, Zwirner Õ02

m
h(

G
eV

)

At(GeV)
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Higgs Spectrum
¥ The two Higgs doublets carry eight real scalar degreesof freedom.

¥ Thr ee of them are the charged and CP-odd Goldstone bosonsthat
are absorved in the longitud inal components of the W and the Z .

¥ Five Higgs bosonsremain: Two CP-even, one CP-odd, neutral
bosons, and a charged Higgsboson (two degrees of freedom).

¥ Generically, the electroweak breaking sector (Goldstonesand real
Higgs) is contained in the combination of doublets

! = cos! H1 + sin ! i "2H !
2 , (18)

while the orthogonal combinat ion contains the other Higgs bosons.
Their massesare:

m2
H ! m2

A , m2
H ± ! m2

A + M 2
W (19)

with m2
A = m2

1 + m2
2. These relations are preserved, in a good

approximation, after loop-e" ects.
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Masses of the Higgs boson particles

There is a light Higgs boson, which, for supersymmetry breaking 
masses of the order of 1 TeV, has a mass

This Higgs boson is the Òreal HiggsÓ, in the sense that it is the one 
connected to th mechanism of electroweak symmetry breaking.  It  
has SM -like properties.

Then, there are two other neutral Higgs bosons, one being CP-odd 
and the other CP-eve. Their mass is controled by the parameter 

This parameter, which controls also the charged Higgs mass is 
governed by supersymmetry breaking masses                                   
and therefore can be very large (but it could be around the corner, 
too)

mh ! 135GeV

mA

!
m2

A = m2
1 + m2

2
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Gaugino/Higgsino Mixing

¥ Just like the gaugebosonmixes with the Goldstone modes of the
theory after spontaneous breakdown of the gaugesymmetr y,
gauginos mix with the Higgsinos.

¥ Mi xing comesfrom the interact ion
!

2gA!
i Ta! i " a , when one takes

Ai " H i , and " a " ÷W a, ÷B , and ! i = ÷Hi .

¥ Charged Winos, ÷W1 ± i ÷W2, mix with the charged components of the
Higgsinos ÷H1,2. The masseigenstat es are called charginos ÷#± .

¥ Neutral Winos and Binos, ÷B , ÷W3 mix with the neutral components of
the Higgsinos. The masseigenstates are called neutralinos, ÷#0.

¥ Charginos form two Dir ac massive Þelds. Neutralinos give four
massive Majorana states.
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Chargino Massmatrix
Lets take, for instance, the chargino massmatrix in the basisof Wi nos

and Higgsinos, ( ÷W + , ÷H +
2 ) and ( ÷W ! , ÷H !

1 ), with ÷W ± = ÷W 1 ± i ÷W 2. The
mixin g term is proporti onal to the weak coupling and the Higgsv.e.v.Õs

M ÷! ± =

!

" M 2 g2v2

g2v1 µ

#

$ (20)

Here, M 2 is the soft breaking mass term of the Winos and µ is the
Higgsino mass parameter.

¥ The eigenstatesare two Dir ac, charged fermions (charginos).

¥ If µ is large, the lightest chargino is a Wino, with mass M 2, and its
interactions to fermion and sfermionsare governed by gauge
couplings.

¥ If M 2 is large, the lightest chargino is a Higgsino, wit h massµ, and
the interactions are governed by Yukawa couplings.

25



Neutralino MassMatr ix
Similarly, for neutral inos in the basisof Binos, Winos and Higgsinos

M !̃ 0 =

!

"
"
"
"
"
#

M 1 0 ! g1v1/
"

2 g1v2/
"

2

0 M 2 g2v1/
"

2 ! g2v2/
"

2

! g1v1/
"

2 g2v1/
"

2 0 ! µ

g1v2/
"

2 ! g2v2/
"

2 ! µ 0

$

%
%
%
%
%
&

(21)

¥ The eigenstatesare four Majorana parti cles.

¥ If the theory proceeds from a GUT, there is a relation between M 2

and M 1, M 2 # ! 2(M Z )/ ! 1(M Z )M 1 # 2M 1.

¥ So, if µ is large, the lightest neutrali no is a Bino (superpartner of the
hypercharge gaugeboson) and its interactions are governed by g1.

¥ This tends to be a good dark matter candidate.
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Count ing degreesof Freedom
¥ The charginos are two Dirac parti cles, wit h eight degrees of freedom,

and are an admixtu re of the superpartners of the charged gauge
bosons and Higgs bosons.

¥ The bosonsector has the W ± , that has six degrees of freedom, plus
the charged Higgs, with two degreesof freedom. Observe that before
electroweak symmetry breaking there is no mixing and the numbers
are four and four, respectively.

¥ Neutralinos are four Majorana particles, and have eight degreesof
freedom.

¥ There are Þve in the neutral gaugebosons(photon and Z) plus three
in the neutral Higgs bosons.Again, before electroweak symmetry
breaking, the numbers were four and four.
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Minimal Supergravit y Model

All scalars acquire a common mass m2
0 at the Grand UniÞcation scale

All gauginos acquire a common massM 1/ 2 at the GUT scale
Massesevolve di! erently under R.G.E. At low energies,

Squark Masses: m2
÷Q

! m2
0 + 6 M 2

1/ 2

Left-Slepton Massesm2
÷L

! m2
0 + 0.5 M 2

1/ 2

Right-Slepton Masses m2
÷E

! m2
0 + 0.15 M 2

1/ 2

Wino Mass M 2 = 0.8 M 1/ 2.
Gluino Mass M 3 = ! 3

! 2
M 2

Bino Mass M 1 = ! 1
! 2

M 2

Lightest SUSY particle tends to be a Bino.
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Electroweak Symmetry Breaking

¥ The above relat ions apply to most squarks and leptons, but not to
the Higgs parti cles and the thir d generation squarks.

¥ The renormalization group equations of thesemass parameters
include negative corrections proportional to the square of the large
top Yukawa coupling.

¥ In partic lular, the H2 Higgs mass parameter m2
2, is driven to negative

valuesdue to the inßuence of the top quark Yukawa coupling.

¥ Electroweak symmetry breaking is induced by the large top mass !

¥ Also the superpartners of the top quark tend to be lighter than the
other squarks. This e! ect is more pronounced if M 1/ 2 is small.
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Higgs Mass Parameter Corrections in SUSY

One loop corrections to the Higgs mass parameter cancel if the 
couplings of scalars and fermions are equal to each other
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If supersymmetry is exact, there is always an additional, logarithmically
divergent diagram, induced by the presence of Higgs-scalar trilinear 
couplings, that ensure the cancellation of the logarithmic term.
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If SUS Y exist s, ma ny of i ts m ost imp ort an t m oti vation s dem and some
SU SY par tic les at the TeV ra nge or b elow

! Solve hierarchy/natu ralnessproblem by having ! m2 ! O(v2)

SUSY breaking scale must be at or below 1 TeV
if SUSY is associated with EWSB scale!

! EWSB is radiativ ely generated

In th e evoluti on of masses from high energy scales
! " a negative Higgs mass parameter is induced

via radiat ive correction s

=# importan t t op quark e! ects!
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Reasons for the negative mass of the Higgs 

Higgs is affected by the top quark Yukawa coupling, but so are the stops. 
So, why does the Higgs  mass becomes negative and not the stop ones ?

There are three main reasons. First, the stops receive a positive 
contributions coming from their quark-gluino interactions, which is 
proportional to the gluino mass.  This is model dependent, since the 
gluino mass might be very small.

The second, most important reason, is that the Higgs couples to three 
Dirac fermions (three colors) and their superpartners, while the right-
handed stop of a given color couples to only two (due to the doublet 
structure) and the. Finally the left-handed stop of a given color couples 
to only one Dirac Þeld. This 3:2:1 relation makes the negative 
contribution to the Higgs more important than the one of the stops.

Finally, there is the          factor that acts like an external magnetic Þeld 
in a spin system and induces the presence of non-vanishing Higgs v.e.v.Õs 
even if the masses would be positive.

m2
12



t̃ t̃

t

÷g

Gluino Contributions to the Stop Masses

! m2
÷t ! " 3 M 2

÷g



SUSY Spectrum from Universal Boundary Conditions at MGUT

Coloured, strongly interacting particles tend to be heavier than
weakly interacting particles. 

Lightest Supersymmetric Particle is lightest Neutralino. 

Squarks and sleptons of first two generations are degenerate.
Small splitting in the slepton sector. Third generation squarks are 
Typically lighter.
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Comments
¥ The previously presented spectrum depends strongly on the condition of 

equality of sfermion and gaugino masses at the GUT scale.

¥ Setting, for instance, different masses for particles of different

quantum numbers at the GUT scale could lead to a very different
spectrum.

¥ In general, very little is known about the supersymmetry breaking
parameters and one should NOT make conclusions about the Tevatron

and/or LHC reach for SUSY based on strong assumptions about them.

¥ In particular, although it is clear that the LHC has a larger reach, the

Tevatron one is not at all negligible, and one should be open to the

possibility of a SUSY discovery before the start of the LHC !  
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