
Supersymmetry:  
Motivation,  Algebra, Models and Signatures

Marcela Carena
Theoretical Physics Department

Fermilab

ICTP 2007 Summer School on Particle Physics
               Trieste, Italy,  June 20, 2007



Outline

• Lecture 1:                                                                       
Motivation                                                               
Introduction to Supersymmetry

• Lecture 2 :                                                                
Supersymmetric Interactions                                               
The Minimal Supersymmetric extension of the Standard Model

• Lecture 3 :                                                                     
Soft Supersymmetry Breaking                                           
Higgs and Super-particle masses                                                                                                                                                                         

• Lecture 4 :                                                            
Coupling Unification                                                
Models of Supersymmetry Breakdown                                                                      

• Appendix                                                                                        
Notes on Soft SUSY Breaking                                                                         
MSSM Higgs signals at Colliders 



Lecture 3: 

Soft Supersymmetry Breaking

Higgs and Super-particle Masses



Last lecture:

    We started from the SUSY Lagrangian in terms of:

   Standard fermions      and their superpartners, the scalar fields Ai 
   SM gauge bosons and gauginos    , and the Higgs supermultiplets    

   

ψi

λa

   We defined the interactions among fields in the MSSM:
No new couplings!!

All interactions in terms of  gauge couplings and parameters in the superpotential

We discuss the need for two Higgs doublets, 
 with the Higgsinos superpartners
 to cancel U(1)  associated anomalies

and give mass to both,  up-quarks and down-quarks/leptons.  



We showed that if SUSY is preserved up to energies of order a TeV, 
the equality of fermion and boson masses and couplings  assures the cancellation 

of quadratic divergences in the Higgs mass quantum corrections

We discussed advantages of imposing R-parity                              .
forbids Proton Decay 

     the LSP is stable and a good Dark Matter candidate

Proton Decay
In Pnew there are two type of couplings which violate either   

Actually, the most general possible superpotential would also include:

W∆L=1 = 1
2λijkLiLj ēk + λ′

ijkLiQj d̄k + µ′
iLiHu

W∆B=1 = 1
2λ′′

ijkūid̄j d̄k

These violate lepton number (∆L = 1) or baryon number (∆B = 1).

If both types of couplings were present,

and of order 1, then the proton would

decay in a tiny fraction of a second

through diagrams like this:
uR

uR

dR s̃∗
R

p+

{

}
π+

νe

uR

d∗
L

ν∗
e

λ′′∗
112 λ′

112

Many other proton decay modes, and other experimental limits onB and L

violation, give strong constraints on these terms in the superpotential.

One cannot simply requireB and L conservation, since they are already known

to be violated by non-perturbative electroweak effects. Instead, in the MSSM, one

postulates a new discrete symmetry called Matter Parity, also known as R-parity.
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One cannot require B and L conservation since they are already known to be 
violated at the quantum number in the SM.  

Instead, one postulates a new discrete symmetry called R-parity. 

PR = (−1)3(B−L)+2S

   All SM particles have

    All Supersymmetric partners have PR = −1
PR = 1

Last lecture  (continued)



Chiral supermultiplets of the Minimal Supersymmetric Standard Model (MSSM):

Names spin 0 spin 1/2 SU(3)C , SU(2)L, U(1)Y

squarks, quarks Q (euL
edL) (uL dL) ( 3, 2 , 1

6
)

(×3 families) ū eu∗
R u†

R ( 3, 1, − 2
3
)

d̄ ed∗
R d†

R ( 3, 1, 1
3
)

sleptons, leptons L (eν eeL) (ν eL) ( 1, 2 , − 1
2
)

(×3 families) ē ee∗R e†R ( 1, 1, 1)

Higgs, higgsinos Hu (H+
u H0

u) ( eH+
u

eH0
u) ( 1, 2 , + 1

2
)

Hd (H0
d H−

d ) ( eH0
d

eH−
d ) ( 1, 2 , − 1

2
)

The superpartners of the Standard Model particles are written with a .̃ The

scalar names are obtained by putting an “s” in front, so they are generically called

squarks and sleptons, short for “scalar quark” and “scalar lepton”.

The Standard Model Higgs boson requires two different chiral supermultiplets,Hu and

Hd. The fermionic partners of the Higgs scalar fields are called higgsinos. There

are two charged and two neutral Weyl fermion higgsino degrees of freedom.
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(uC)L

(dC)L

(eC)L

U
D

E

The Minimal Supersymmetric Standard Model

The vector bosons of the Standard Model live in gauge supermultiplets:

Names spin 1/2 spin 1 SU(3)C , SU(2)L, U(1)Y

gluino, gluon eg g ( 8, 1 , 0)

winos, W bosons fW± fW 0 W± W 0 ( 1, 3 , 0)

bino, B boson eB0 B0 ( 1, 1 , 0)

The spin-1/2 gauginos transform as the adjoint representation of the gauge

group. Each gaugino carries a .̃ The color-octet superpartner of the gluon is

called the gluino. The SU(2)L gauginos are called winos, and the U(1)Y

gaugino is called the bino.

However, the winos and the bino are not mass eigenstate particles; they mix with

each other and with the higgsinos of the same charge.
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Gauge Supermultiplets

Chiral Supermultiplets



Scalar Interactions and the preservation of SUSYSUSY Interactions in the MSSM

1) Self-interactions of Matter fields

Yukawa interactions + fermion masses
Couplings
• The Yukawa couplings between scalar and fermion fields,

1
2

∂2P (A)
∂Ai∂Aj

ψiψj + h.c. (32)

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

∂P (A)
∂Ai

)2

(33)

• Similarly, the gaugino-scalar-fermion interactions, coming from

− i
√

2gA∗
i Taψiλ

a + h.c. (34)

are governed by the gauge couplings.

• No new couplings ! Same couplings are obtained by replacing
particles by their superpartners and changing the spinorial structure.

Lectures on Supersymmetry Carlos E.M. Wagner, Argonne and EFI

L→ − with the general form of P(A) in the MSSM

Usual SM Yukawa interactions
Sfermion-fermion Higgsino 

interactions

The Feynman rules for our interacting chiral supermultiplets are:

Propagators:

−i
p2+M2

−ip·σ
p2+M2

−iMij

p2+M2

−iMij

p2+M2

Both scalars and fermions have squared mass matrixMikMkj .
√

Yukawa interactions:
j k

i

−iyijk

j k

i

−iyijk

Scalar interactions:
j k

i

−iM inynjk

j k

i

−iMinynjk

i j

k !

−iyijnyk"n

The superpotential parametersM ij , yijk determine all non-gauge interactions.

45

ff̄

H

The Feynman rules for our interacting chiral supermultiplets are:

Propagators:

−i
p2+M2

−ip·σ
p2+M2

−iMij

p2+M2

−iMij

p2+M2

Both scalars and fermions have squared mass matrixMikMkj .
√

Yukawa interactions:
j k

i

−iyijk

j k

i

−iyijk

Scalar interactions:
j k

i

−iM inynjk

j k

i

−iMinynjk

i j

k !

−iyijnyk"n

The superpotential parametersM ij , yijk determine all non-gauge interactions.

45

H̃f

f̃

Once the Higgs bosons acquire vev: 

mu = hu v2 md = hd v1 ml = hl v1 tanβ = v2/v1

P [A] = εij [µHi
1H

j
2 + huHi

2Q̃
jŨ + hdH

i
1Q̃

jD̃ + hlH
i
1L̃

jẼ ]

As we said before:
V (Ai, A

∗
i ) =

∑

i

|∂P (A)/∂Ai|2 +
1
2

∑

a

(
A∗

i T
a
ijgAj

)2

and given the MSSM superpotential: 

we get for the up-squark 
potential terms like: 

Once the Higgs acquire a v.e.v., this induces a mixing between the 
right-handed and left-handed stops

This will affect the stop quark masses, which,  however, should be equal to 
the top-quark mass, if SUSY is preserved!  What is happening?

−htµ
∗v1t̃Lt̃∗R

VŨ → htµ
∗H∗

1 Q̃Ũ + h.c.



Preservation of Supersymmetry

• Let’s look at the potential for the neutral Higgs bosons

VH0 = |µ|2
(
|H0

1 |2 + |H0
2 |2

)
+

(g2
1 + g2

2)
8

(
|H0

1 |2 − |H0
2 |2

)2 (10)

• To preserve supersymmetry, we need the vacuum state to have zero
energy.

• This may be only obtained, once the Higgs acquire v.e.v., if :

µ = 0, tanβ = 1 (11)

• The potential presents a flat direction under these conditions.
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Supersymmetry Breaking

• No supersymmetric particle have been seen: Supersymmetry is
broken in nature

• Unless a specific mechanism of supersymmetry breaking is known, no
information on the spectrum can be obtained.

• Cancellation of quadratic divergences:

– Relies on equality of couplings and not on equality of the masses
of particle and superpartners.

• Soft Supersymmetry Breaking: Give different masses to SM particles
and their superpartners but preserves the structure of couplings of
the theory.
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Supersymmetry BreakdownRecall that if supersymmetry were an exact symmetry, then superpartners would

have to be exactly degenerate with each other. For example,

mẽL
= mẽR

= me = 0.511 GeV

mũL
= mũR

= mu

mg̃ = mgluon = 0 + QCD-scale effects

etc.

But new particles with these properties have been ruled out long ago, so:

Supersymmetry must be broken in the vacuum state chosen by Nature.

Supersymmetry is thought to be spontaneously broken and therefore hidden, the

same way that the electroweak symmetry is hidden from very low-energy

experiments.
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If SUSY were an exact symmetry, 
the SM particles and their 

superpartners would have the 
exactly same masses



For a clue on the nature/scale of the SUSY breakdown 

let’s return to our motivation in the Hierarchy problem: 

If we want supersymmetry to be a solution we need to demand that the 
difference between SM and SUSY particles is not far beyond the TeV scale

==> SUSY partners have to be at/below the TeV scale 

∆µ2 ≈ g2
hff [m2

f −m2
f̃
]ln(Λ2

eff/m2
h)

This is the best reason to be optimistic that SUSY will be discovered at
 the TeVatron collider or the LHC in the next few years.  

The breakdown of SUSY must be “soft”
This means it does not change the dimensionless terms in the Lagrangian.



If SUSY is realized in nature, why have we seen none of the SUSY 
particles while we have already seen all the SM particles?

Standard Model quark, leptons and gauge boson masses are protected by 
chiral and gauge symmetries 
==> they acquire mass through EWSB, hence their masses are at most of 
order v~ 175 GeV  

SUSY particles can acquire gauge invariant masses, same as SM Higgs
==> this explains why it is possible that we have not seen SUSY particles 
at high energy colliders yet 

One can probe that after adding
Gaugino masses, Squark and Slepton squared mass terms, and trilinear and 
bilinear terms proportional to the scalar parts of the superpotential,  
the cancellation of quadratic divergences is not spoiled



The Soft SUSY-breaking Lagrangian for the MSSM 

−m2
QQ̃†Q̃−m2

U Ũ†Ũ −m2
DD̃†D̃ −m2

LL̃†L̃−m2
EẼ†Ẽ

Lsoft = −1
2
(M3g̃g̃ + M2W̃W̃ + M1B̃B̃)

Trilinear terms are proportional to the Yukawa couplings
      induce L-R mixing on the squark sector once the Higgs acquire v.e.v.

mixing proportional to fermion masses: relevant for 3rd generation
 

B           soft SUSY breaking parameter will be determined from 
condition of proper EWSB

−m2
H1

H∗
1H1 −m2

H2
H∗

2H2 − (µBH1H2 + cc.)

−(AuhuŨQ̃H2 + AdhdD̃Q̃H1 + AlhlẼL̃H1) + c.c.



The squark and slepton squared masses and (scalar)3 couplings are 3 × 3

matrices in family space. The soft SUSY-breaking Lagrangian of the MSSM

contains 105 new parameters not found in the Standard Model.

Most of what we do not already know about SUSY is expressed

by the question: “How is supersymmetry broken?”

Many proposals exist. None are completely convincing.

The question can be answered experimentally by discovering the pattern of Higgs

and squark and slepton and gaugino masses, because they are the main terms in

the SUSY-breaking Lagrangian.
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Many proposals exists but none is completely satisfactory

One could shed light to the mechanism of SUSY-breaking through 
experiments, by discovering the pattern 

of Higgs, slepton, squark and gaugino masses



The Higgs Potential
Higgs Potential

• After supersymmetry breaking effects 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

∣∣(HT
1 iτ2H2

)∣∣2

where

λ1 = λ2 =
g2
1 + g2

2

4
, λ3 =

g2
2 − g2

1

4
, λ4 = −g2

2

2
(12)

• This effective potential is valid at the scale of the SUSY particle
masses.

• The value of the effective potential at low energies may be obtained
by evolving the quartic couplings with their renormalization group
equations.
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m2
i = m2

Hi
+ |µ|2

m2
3 = µB

This effective potential is valid at the scale of the SUSY particle masses
At low energies the quartic couplings evolve with their Renormalization 
Group (RG) equations

H1 =
(

v1 + (H0
1 + iA1)/

√
2

H−
1

)

H2 =
(

H+
2

v2 + (H0
2 + iA2)/

√
2

)



Neutral Higgs potential

Using the minimization conditions ∂V/∂H0
i |<H0

i >=vi
= 0

sin 2β =
2m2

3

m2
1 + m2

2
tan2 β =

v2
2

v2
1

=
m2

1 + M2
Z/2

m2
2 + M2

Z/2

Analyzing first the neutral part of  V[Hi] 

+
g2
1 + g2

2

8
(
|H0

2 |2 − |H0
1 |2

)2

Expanding  V[H0i] in terms of H0
i = vi + (H0

i + iAi)/
√

2 i = 1, 2

One can obtained the scalar and pseudoscalar mass matrices  ==> 

V [H0
1 ,H0

2 ] = m2
1|H0

1 |2 + m2
2|H0

2 |2 −m2
3

(
H0

1H0
2 + H0∗

1 H0∗

2

)



Tree Level Mass Predictions

V [Ai]→ (A1 A2)

[
m2

1 + M2
Z

2 cos 2β m2
3

m2
3 m2

1 −
M2

Z
2 cos 2β

] (
A1

A2

)

Using the minimization conditions

⇒ detM2
A = 0 Tr[M2

A] = m2
1 + m2

2

A = cos βA2 + sinβA1

CP-odd neutral Higgs Sector: 

One Goldstone boson with zero mass (eaten by Z boson)
                                            
One physical state: 

m2
A = m2

1 + m2
2 = m2

H1
+ m2

H2
+ 2µ2



Tree Level Mass Predictions

CP-even neutral Higgs Sector: 

m2
h,H =

m2
A + M2

Z

2
±

√
(m2

A + M2
Z)2 − 4M2

Zm2
A cos2 2β

2

Charged Higgs Sector:   (Similar to CP-odd Higgs sector)

One Goldstone boson with zero mass
                                      
One physical state: H± = cos βH±

2 + sinβH±
1

h = cos αH0
2 − sinαH0

1

H = sinαH0
2 + cos αH0

1

Two physical states: 

V [H0
i ]→

(
H0

1 H0
2

) [
M2

Z cos2 β + m2
A sin2 β −(M2

Z + m2
A) cos β sinβ

−(M2
Z + m2

A) cos β sinβ M2
Z sin2 β + m2

A cos2 β

](
H0

1

H0
2

)

⇒ detM2
H± = 0

Tr[M2
H± ] = m2

A + m2
W = m2

H±



The decoupling limit for the Higgs bosons

IfmA0 ! mZ , then:

• h0 has the same couplings as would a Standard Model Higgs boson of the

same mass

• α ≈ β − π/2

• A0, H0, H± form an isospin doublet, and are much heavier than h0

Mass

h0

A0, H0

H±
Isospin doublet Higgs bosons

SM-like Higgs boson

Many models of SUSY breaking approximate this decoupling limit.
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m2
h = M2

Z cos2 2β



Higgs SpectrumHiggs Spectrum
• The two Higgs doublets carry eight real scalar degrees of freedom.

• Three of them are the charged and CP-odd Goldstone bosons that
are absorved in the longitudinal components of the W and the Z.

• Five Higgs bosons remain: Two CP-even, one CP-odd, neutral
bosons, and a charged Higgs boson (two degrees of freedom).

• Generically, the electroweak breaking sector (Goldstones and real
Higgs) is contained in the combination of doublets

Φ = cos βH1 + sinβiτ2H
∗
2 , (18)

while the orthogonal combination contains the other Higgs bosons.
Their masses are:

m2
H ! m2

A, m2
H± ! m2

A + M2
W (19)

with m2
A = m2

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

approximation, after loop-effects.
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such that < φ > = v

while the orthogonal combination contains the other Higgs bosons  



The MSSM HIGGS sector

Couplings to gauge bosons and fermions
( normalized to SM values)

• Quantum corrections affect the couplings relevantly, especially for the heavy Higgses

(enhanced)

m
H

±
> 78.6GeV

m
h
> 91.0GeV;       m

A,H
> 91.9GeV;

LEP MSSM  HIGGS limits:

m
h

SM! like
> 114.6GeV

  In most of the parameter space:                        (decoupling limit)

  ==> lightest Higgs:                    and behaves like SM Higgs ==> similar searches at colliders

         others heavy and roughly degenerate

� 

m
A

>> m
Z

m
A
! m

H
! m

H
±

� 

m
h
! m

Z

Quantum Corrections          Evolution of Higgs quartic couplings                       
                                     below the SUSY breaking scale 

Parameters that one measures at low energies (large distances) are not the 
fundamental ones, and they are modified by quantum corrections

Example: consider a charge in the vacuum,  it polarizes the vacuum by
inducing production of virtual particles/antiparticles that screen the charge Scale Dependence of the Gauge couplings

• Electric charge e               polarizes the vacuum

Fundamental charge e is screened at long distances

==> the effective charge depends on how close one is to 

the charge : more energetic photons can go closer to it

               ==> at large energies, the photon sees a larger charge/coupling

• The “bare” parameters of the Lagrangian are not observable.

• The sums of the bare parameters and loop-induced corrections are physical

   and should be finite

Expressing all the fields and bare parameters of the lagrangian in terms of the

renormalized quantities by means of multiplicative rescaling ===> one defines

the renormalization constants Zi to secure the cancellation of divergences.

For QED, for example, the coupling and electron mass become dependent on

the mass scale      andµ

e
bare

= e(µ)µ!" /2
Z
e

!1/2

with Z
e
! 1" e

2
6#

2
$

Scale Dependence of the Gauge couplings

• Electric charge e               polarizes the vacuum

Fundamental charge e is screened at long distances

==> the effective charge depends on how close one is to 

the charge : more energetic photons can go closer to it

               ==> at large energies, the photon sees a larger charge/coupling

• The “bare” parameters of the Lagrangian are not observable.

• The sums of the bare parameters and loop-induced corrections are physical

   and should be finite

Expressing all the fields and bare parameters of the lagrangian in terms of the

renormalized quantities by means of multiplicative rescaling ===> one defines

the renormalization constants Zi to secure the cancellation of divergences.

For QED, for example, the coupling and electron mass become dependent on

the mass scale      andµ

e
bare

= e(µ)µ!" /2
Z
e

!1/2

with Z
e
! 1" e

2
6#

2
$

Same with couplings and masses:  RG
equations allow to relate fundamental 
parameters to those at low energies 



Large tanβ LimitLarge tan β Limit
• This limit arises when, approximately, only one of the two v.e.v.’s is

different from zero. To keep the top Yukawa coupling small, it should
be v2.

mt = htv2 mb = hbv1 (13)

• If one makes hb large, of the order of ht, tanβ is about 50

• For this limit to happen m2
3 ! 0.

• Then, the doublet H2 contains the Goldstone modes and the
“physical” SM-like Higgs boson, while H1 contains a scalar, a
pseudoscalar and a charged Higgs boson.

• Physical Higgs mass (m2
2 = −M2

Z/2)

m2
h = 2λ2v

2 = M2
Z (14)

18

Given that mt = htv2 and mb = hbv1

v2 large keeps ht perturbative



Radiative Corrections to the MSSM Higgs Masses 
Important corrections due to incomplete cancellation of particles and sparticle 

effects.  Mainly top & stop loops and sbottom loops for tanb > 10 

Log terms from RG evolution and At terms from threshold effects at MSUSY

Higgs Boson Mass at large values of tan β
• The RG evolution of λ2 is given by

dλ2

dt
! − 3

8π2

[
λ2

2 + λ2h
2
t − h4

t

]
(15)

with t = log(M2
SUSY /Q2).

• For large values of tanβ = v2/v1, the Higgs H2 is the only one
associated with electroweak symmetry breaking.

• The Higgs boson mass is approximately given by m2
h = 2λ2v2

m2
h !M2

Z +
3m4

t

4π2v2

[
log

(
M2

SUSY

m2
t

)
+

A2
t

M2
SUSY

(
1− A2

t

12M2
SUSY

)]

(16)

• The first term comes from the SUSY contribution. The logarithmic
term comes from the RG evolution, while the At dependence comes
from threshold effects at MSUSY .
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X2
t X2

t

M2
SUSY → averaged stop squared mass At = Xt − µ/ tanβ → stop mixing parameterXt = At − µ/ tanβ



Diagrams Contributing to the Quartic Coupling

H2

H2

H2

H2

H2

H2

H2

H2

Q,U

U,Q

U,Q

U

U

Q Q

htAt

htAt

htAt

htAt

htAt

htAt

h2
t

These diagrams provide the finite threshold corrections after decoupling of 
the top quark superpartners.



Top & Stop Contributions to the Higgs Quartic Coupling

These diagrams provide the dominant logarithmic contribution below the 
stop quark mass scale.  If both masses were equal the log will vanish

H2

H2

H2

H2

ht

ht ht

ht

H2
H2

H2H2
U,D,Q

h2
t h2

t



Stop Mass Matrix

• 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

M2
t̃ =



 m2
Q + m2

t mt(At − µ∗/ tanβ)

mt(A∗
t − µ/ tanβ) 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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Stop Mass Matrix



Radiative Corrections to Higgs Boson Masses

Important quantum corrections due to incomplete cancellation of particles and

superparticles in the loops

•         enhancement  

• log sensitivity to stop masses

• depend. on stop mass mixing

4

t
m

t
X

S
M

After 2 -loop corrections

stringent test of the MSSM

m
h
! 135 GeV

Main effects:  stops; 

and sbottoms at large tan beta

Effect of Quantum Corrections on the Lightest Higgs Mass 



MSSM Higgs Masses as a function of MA

•  Mild variation of the charged Higgs  mass with SUSY spectrum

 
m

H
!

2
=  mA

2
+ (!4 " !5 )v

2

 
If sizeable  µ   and  sizeable  At ! Ab < 0 "#4 $ #5 < 0   (smaller m

H
! )

mA nearly degenerate

with mh or mH

MSSM Higgs Masses as a function of MA



Radiative corrections to the Higgs couplings

Important effects through radiative corrections to the CP-even Mass matrix 

Radiative Corrections to the Higgs Couplings

1) Through radiative corrections to the CP-even Higgs mass matrix           ,

which defines the mixing angle

� 

!Mij
2

� 

!

� 

sin! cos! = M
12

2
/ Tr M

2( )
2

" 4 det M
2

The off diagonal elements are prop. to

� 

M
12

2 !" m
A

2
+ m

Z

2( ) cos# sin# +
m
t

4

16$ 2v2
µX

t

M
S

2

X
t

2

M
S

2
" 6

% 

& 
' 

( 

) 
* 

Important effects of rad. correc. on          or            depending on the sign of

and the magnitude of

===> govern couplings of Higgs to fermions

===> via rad. correc. to                  and                 governs couplings to vector bosons

When off-diagonal elements vanish,  possible for small mA and large tan beta

===> either         or           vanish  ===> strong

suppression of the SM-like Higgs boson coupling to bottom-quarks and tau-leptons
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M.C. Mrenna, Wagner

Important vertex corrections to Higgs-fermion Yukawa couplings through 
loops of SUSY particles

→ via rad. correc. to sinα and cos α: govern couplings of Higgs to fermions

→ via correc. to cos(α−β) and sin(α−β): govern couplings to vector bosons

relevant for large 

can induce important flavor changing neutral and charged current effects 

tanβ ≥ 20

Depending on SUSY Spectrum, radiative corrections to Higgs 
couplings can change Higgs searches in a very crucial manner

M.C. and Haber Higgs Review: Prog. in Particles and Nuclear Physics 50, 2003



Gaugino/Higgsino Mixing

• Just like the gauge boson mixes with the Goldstone modes of the
theory after spontaneous breakdown of the gauge symmetry,
gauginos mix with the Higgsinos.

• Mixing comes from the interaction
√

2gA∗
i Taψiλa, when one takes

Ai ≡ Hi, and λa ≡ W̃ a, B̃, and ψi = H̃i.

• Charged Winos, W̃1 ± iW̃2, mix with the charged components of the
Higgsinos H̃1,2. The mass eigenstates are called charginos χ̃±.

• Neutral Winos and Binos, B̃, W̃3 mix with the neutral components of
the Higgsinos. The mass eigenstates are called neutralinos, χ̃0.

• Charginos form two Dirac massive fields. Neutralinos give four
massive Majorana states.
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Gaugino/Higgsino Mixing



Charginos
Consider the chargino Lagrangian in terms of  Weyl spinors, in the 

Wino- Higgsino basis, with  W̃± =
(
W̃ 1 ± iW̃ 2

)
/
√

2

M2       is the soft SUSY breaking gaugino mass term,     is the Higgsino mass 
parameter which comes from the superpotential, and the off diagonal
 terms come from the gaugino-Higgs Higgsino mixing and are always < MZ

µ

Chargino Mass Matrix is diagonalized by two matrices V, U such that:

MDiag
χ̃± = V ∗Mχ̃±U

The chargino mass eigenstates are: χ̃+
i = Uijψ

+
j χ̃−i = Vijψ

−
j

Defining: ψ+
j → (W̃+, H̃+

2 ) and ψ−j → (W̃−, H̃−
1 )

Lcharginos = −(W̃−H̃−
1 )

(
M2 g2v2

g2v1 µ

) (
W̃+

H̃+
2

)
+ h.c.



Chargino Mass matrix
Lets take, for instance, the chargino mass matrix in the basis of Winos

and Higgsinos, (W̃+, H̃+
2 ) and (W̃−, H̃−

1 ), with W̃± = W̃ 1 ± iW̃ 2. The
mixing term is proportional to the weak coupling and the Higgs v.e.v.’s

Mχ̃± =



 M2 g2v2

g2v1 µ



 (20)

Here, M2 is the soft breaking mass term of the Winos and µ is the
Higgsino mass parameter.

• The eigenstates are two Dirac, charged fermions (charginos).

• If µ is large, the lightest chargino is a Wino, with mass M2, and its
interactions to fermion and sfermions are governed by gauge
couplings.

• If M2 is large, the lightest chargino is a Higgsino, with mass µ, and
the interactions are governed by Yukawa couplings.
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The chargino mixing matrices are chosen so that

U∗XV−1 =

(
m eC1

0

0 m eC2

)
,

with positive real entriesm eCi
. In this case, one can solve for the tree-level mass2

eigenvalues in simple closed form:

m2
eC1

, m2
eC2

=
1

2

[
|M2|2 + |µ|2 + 2m2

W

∓
√

(|M2|2 + |µ|2 + 2m2
W )2 − 4|µM2 − m2

W sin 2β|2
]
.

In many models of SUSY breaking, one finds thatM2 # |µ|, so the lighter
chargino is mostly wino with mass close toM2, and the heavier is mostly

higgsino with mass close to |µ|.
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The chargino eigenstates are two Dirac, charged fermions with 
masses:

m2
χ̃±1,2

=



Neutralinos

Consider the neutralino Lagrangian in terms of  Weyl spinors, in 

the Bino-Wino-neutral Higgsino basis, with  

Neutralino Mass Matrix diagonalized by a matrix Z 

The neutralino mass eigenstates are:

Lneutralinos = −1
2
(ψ0)T Mχ̃0ψ0 + h.c.

Mχ̃0 =





M1 0 −g1v1/
√

2 g1v2/
√

2
0 M2 g2v1/

√
2 −g2v2/

√
2

−g1v1/
√

2 g2v1/
√

2 0 −µ
g1v2/

√
2 −g2v2/

√
2 −µ 0





→MDiag
χ̃0 = Z∗Mχ̃0Z−1

χ̃0
i = Zijψ0

j

Defining: ψ0
j → (iB̃0, iW̃ 0, H̃0

1 , H̃0
2 )



Neutralino Spectrum

Neutralino Mass Matrix
Similarly, for neutralinos in the basis of Binos, Winos and Higgsinos

Mχ̃0 =





M1 0 −g1v1/
√

2 g1v2/
√

2

0 M2 g2v1/
√

2 −g2v2/
√

2

−g1v1/
√

2 g2v1/
√

2 0 −µ

g1v2/
√

2 −g2v2/
√

2 −µ 0




(21)

• The eigenstates are four Majorana particles.

• If the theory proceeds from a GUT, there is a relation between M2

and M1, M2 # α2(MZ)/α1(MZ)M1 # 2M1.

• So, if µ is large, the lightest neutralino is a Bino (superpartner of the
hypercharge gauge boson) and its interactions are governed by g1.

• This tends to be a good dark matter candidate.
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• Most suitable candidates beyond the Standard Model:

 ==> Weakly interacting particles (WIMPS) with masses and
   interaction cross sections of order of the electroweak scale

SUSY with R-parity discrete symmetry conservedSUSY with R-parity discrete symmetry conserved

==> naturally provides a neutral stable DM candidate: LSP ==>==> naturally provides a neutral stable DM candidate: LSP ==>

� 

R
P

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

� 

˜ ! 
0

What is Dark Matter?

 one of the fundamental open questions

==> demands new physics
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Gluinos
The Gluino

The gluino is an SU(3)C color octet fermion, so it does not have the right

quantum numbers to mix with any other state. Therefore, at tree-level, its mass is

the same as the corresponding parameter in the soft SUSY-breaking Lagrangian:

Mg̃ = M3

However, the quantum corrections to this are quite large (again, because this is a

color octet!). If one calculates the one-loop pole mass of the gluino, one finds:

Mg̃ = M3(Q)
(
1 +

αs

4π

[
15 + 6 ln(Q/M3) +

∑
Aq̃

])

whereQ is the renormalization scale, the sum is over all 12 squark multiplets, and

Aq̃ =

∫ 1

0
dx x ln

[
xm2

eq/M
2
3 + (1 − x)m2

q/M
2
3 − x(1 − x) − iε

]
.

This correction can be of order 5% to 25%, depending on the squark masses!

It tends to increase the gluino mass, compared to the tree-level prediction.
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Squarks and Sleptons

To treat these in complete generality, we would have to take into account arbitrary

mixing. So the mass eigenstates would be obtained by diagonalizing:

• a 6 × 6 (mass)2 matrix for up-type squarks (ũL, c̃L, t̃L, ũR, c̃R, t̃R),

• a 6 × 6 (mass)2 matrix for down-type squarks (d̃L, s̃L, b̃L, d̃R, s̃R, b̃R),

• a 6 × 6 (mass)2 matrix for charged sleptons (ẽL, µ̃L, τ̃L, ẽR, µ̃R, τ̃R),

• a 3 × 3 matrix for sneutrinos (ν̃e, ν̃µ, ν̃τ )

Fortunately, the general hypothesis of flavor-blind soft parameters predicts that

most of these mixing angles are very small.

The first- and second-family squarks and sleptons have negligible Yukawa

couplings, so they end up in 7 very nearly degenerate, unmixed pairs (ẽR, µ̃R),

(ν̃e, ν̃µ), (ẽL, µ̃L), (ũR, c̃R), (d̃R, s̃R), (ũL, c̃L), (d̃L, s̃L).
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Squarks and Leptons

If we assume that soft SUSY breaking parameters are flavor blind:



Stop  Sector  
                Mixing effects relevant due to large Yukawa coupling
     lightest mass eigenstate      may be the lightest visible sparticle

t̃L, t̃R
t̃1

M2
t̃ =

(
m2

Q3
+ m2

t + Dt̃L
mt(At − µ/ tanβ)

mt(At − µ/ tanβ) m2
U3

+ m2
t + Dt̃R

)
≡

(
m2

t̃L
m2

t̃LR

m2
t̃LR

m2
t̃R

)

t̃1 = cos θt̃t̃L + sin θt̃t̃R

t̃2 = − sin θt̃t̃L + cos θt̃t̃R

The mass eigenstates are given by

With masses: 

tan 2θt̃ =
2m2

t̃LR

m2
t̃L
−m2

t̃R

m2
t̃1,2

=
m2

t̃L
+ m2

t̃R

2
±

√√√√
(

m2
t̃L
−m2

t̃R

2

)2

+ |m2
t̃2LR

|2

Similar for the sbottom sector for large  tanβ



The undiscovered particles in the MSSM:

Names Spin PR Mass Eigenstates Gauge Eigenstates

Higgs bosons 0 +1 h0 H0 A0 H± H0
u H0

d H+
u H−

d

ũL ũR d̃L d̃R “ ”

squarks 0 −1 s̃L s̃R c̃L c̃R “ ”

t̃1 t̃2 b̃1 b̃2 t̃L t̃R b̃L b̃R

ẽL ẽR ν̃e “ ”

sleptons 0 −1 µ̃L µ̃R ν̃µ “ ”

τ̃1 τ̃2 ν̃τ τ̃L τ̃R ν̃τ

neutralinos 1/2 −1 Ñ1 Ñ2 Ñ3 Ñ4 B̃0 W̃ 0 H̃0
u H̃0

d

charginos 1/2 −1 C̃±
1 C̃±

2 W̃± H̃+
u H̃−

d

gluino 1/2 −1 g̃ “ ”
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The SUSY Particles of the MSSM

χ̃0
1 χ̃0

2 χ̃0
3 χ̃0

4

χ̃±1 χ̃±2


