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Last lecture:

   We discussed the conditions for Soft Supersymmetry Breaking
 and 

presented a general parametrization of the SUSY breaking Lagrangian

We discussed the MSSM Higgs sector

We derived the mass eigenstates  and mass formulae
for Charginos, Neutralinos,  Squarks and Sleptons



The Soft SUSY-breaking Lagrangian for the MSSM 
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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 paramete determined from condition of 
proper EWSB
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MSSM Higgs Sector

Since the up and down sectors are diagonalized independently, the Higgs

interactions remain flavor diagonal at tree level.

   The Higgs Sector in Minimal Supersymmetric Standard Model (MSSM)

 

•        2 Higgs SU(2) doublets      and      : after Higgs Mechanism    

                             2 CP-even   h, H  with mixing angle        

                          1 CP-odd    A      and a charged pair 

All Higgs masses and couplings given in terms of 2  parameters        and                                   
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At tree level, one Higgs doublet couples only to down quarks and the other couples

 to up quarks only

SUSY theories ==> extended Higgs sector with lightest Higgs having (usually)

                                SM-like properties and  mh < 200 GeV
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Dependence on SUSY breaking parameters
through the stop sector:  
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MSUSY → averaged stop mass and stop mixing :Xt = At − µ/ tanβ



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

=

The neutralino eigenstates are four Majorana fermions with 
masses that depend on M1 M2 µ tanβ

The gluino masses are given by the Soft SUSY breaking parameter M3

The squark and lepton masses are determined by the soft SUSY breaking 
parameters:

mQi mUi mDi mLi mEi

with i= family indices 1-3



Stop Mass Matrix

Only for the 3rd generation the Left-Right mixing effects are 
relevant since they are proportional to the quark masses

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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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
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χ̃±1 χ̃±2



Unification of Gauge Couplings

Renormalization group evolution          allows to study the scaling of the gauge 

couplings with energy αi = g2
i /4πdαi
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Renormalization group evolution ==> allows study of the effective coupling Vs energy

Abelian theories:

Are only consistent  as an effective theory

up to a cutoff  scale       

b
!
> 0

Non-Abelian theories:     (May have              )

May be asymptotically free at large energies,

but strongly interacting at small ones.

==> at                          color is confined!
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In the SM, U(1) coupling is non-asymptotically free but it blows up above MPl

All couplings seem to converge but quantitatively it does not work!  



Unification Conditions

Given the 3 RG equations for       and assuming they unify at a 
common value           at a scale MGUT
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Depending on the specific model that defines the values of the bi coefficients, 

the unification condition gives a specific relation between         

Unification of Couplings
• The value of gauge couplings evolve with scale according to the

corresponding RG equations:
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• Unification of gauge couplings would occur if there is a given scale at
which couplings converge.
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Rules to compute the beta function coefficients

The one loop coefficients for the U(1) and the SU(N) gauge couplings
are given by  (recall Q = T3 +Y)

bN = −11N
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6
+
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Yf,s are the hypercharges of the chiral fermions  and scalars fields
nf,s are the number of fermions and scalars in the fundamental 

representation of SU(N), and nA is the number of fermions in the adjoint  

The factor 5/3 is for normalization so that over one generation: 
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One can compute the coefficients both in the SM and in the MSSM and obtain
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2
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α3(MZ)
≈ 15!!

(
b3 − b2

b2 − b1

)MSSM

=
5
7

→ 1
α3(MZ)

≈ 8.5!!

Although qualitatively possible, unification of couplings in the SM is ruled out !

1
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exp
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Instead, in the MSSM

bSM
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bSM
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6
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5

bMSSM
2 = 1 bMSSM

3 = −3

MGUT ! 2× 1016GeV

All done at one loop: 
two-loop corrections give 

slight modifications



 

!   Allows for the unification of gauge couplings
SUSY particles around the TeV scale allow Unification of Couplings



Origins of SUSY breaking

Up to now, we have simply put SUSY breaking into the MSSM explicitly.

To gain deeper understanding, let us consider how SUSY could be spontaneously

broken. This means that the Lagrangian is invariant under SUSY transformations,

but the ground state is not:

Qα|0〉 "= 0, Q†
α̇|0〉 "= 0.

The SUSY algebra tells us that the Hamiltonian is related to the SUSY charges by:

H = P 0 = 1
4
(Q1Q

†
1 + Q†

1Q1 + Q2Q
†
2 + Q†

2Q2).

Therefore, if SUSY is unbroken in the ground state, thenH|0〉 = 0, so the
ground state energy is 0. Conversely, if SUSY is spontaneously broken, then the

ground state must have positive energy, since

〈0|H|0〉 = 1

4

“
‖Q†

1|0〉‖
2 + ‖Q1|0〉‖2 + ‖Q†

2|0〉‖
2 + ‖Q2|0〉‖2

”
> 0

To achieve spontaneous SUSY breaking, we need a theory in which the

prospective ground state |0〉 has positive energy.
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〈0|H|0〉 > 0

So, for Spontaneous SUSY breaking, one must arrange that no state 
has all Fi =0 and all Da=0

Recall that in SUSY, the potential energy

V =
∑

i

F ∗iFi + 1
2

∑

a

DaDa

is a sum of squared of auxiliary fields. So, for spontaneous SUSY breaking, one

must arrange that no state (or field configuration, classically) has all Fi = 0 and

allDa = 0.

Models of SUSY breaking where

• Fi != 0 are called “O’Raifeartaigh models” or “F-term Breaking models”

• Da != 0 are called “Fayet-Iliopoulis models” or “D-term breaking models”

Let us do a simple example of each.
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Recall the potential energy :

Understanding the origins of SUSY Breaking



Spontaneous Breaking of SUSY requires us to extend the MSSM

• D-term breaking using U(1)Y can’t work

• There is no gauge-singlet chiral supermultiplet in the MSSM that could get a

non-zero F -term VEV.

Even if there were such an 〈F 〉, there is another general obstacle. Gaugino
masses cannot arise in a renormalizable SUSY theory at tree-level. This is

because SUSY does not contain any (gaugino)-(gaugino)-(scalar) coupling that

could turn into a gaugino mass term when the scalar gets a VEV.

We also have the clue that SUSY breaking must be essentially flavor-blind in

order to not conflict with experiment.

This leads to the following general schematic picture of SUSY breaking. . .
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Recall that in SUSY, the potential energy
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    U(1) gauge symmetry, with a scalar chiral multiplet carrying its charges, 
    one can add a term:                 

    with D the auxiliary field for the U(1) gauge multiplet
PROBLEM:  no D-term breaking for any U(1) does the job for the MSSM

D-term breaking: the Fayet-Iliopoulis model

Suppose a U(1) gauge symmetry is present, with some scalar supermultiplets
carrying its charges. There is a supersymmetric and gauge-invariant term:

L = −κD

where κ is called the Fayet-Iliopoulis constant, andD is the auxiliary field for the

U(1) gauge supermultiplet. The part of the potential involvingD is:

V = κD − 1
2
D2 − gD

X

i

qi|φi|2.

The qi are the U(1) charges of scalar fields φi. The equation of motion forD is:

D = κ − g
X

i

qi|φi|2.

Now suppose the φi have superpotential massesMi. (Gauge invariance

requires that they come in pairs with opposite charges.) Then the potential will be:

V =
X

i

|Mi|2|φi|2 + 1
2
(κ − g

X

i

qi|φi|2)2.

Note that V = 0 is not possible for any φi. So SUSY must break. . .
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Add a gauge singlet chiral supermultiplet, such that the superpotential

An important note about F -term breaking in general:

The idea: pick a set of n supermultiplets (φi, ψi, Fi) with i = 1, . . . , n, and a

superpotentialW , in such a way that F ∗i = −∂W/∂φi = 0 have no

simultaneous solution. Then V =
∑

i |Fi|2 > 0.

If the superpotential is

W = Liφi + 1
2M ijφiφj + 1

6yijkφiφjφk,

then

F ∗i = −Li − M ijφj − 1
2yijkφjφk.

So at least one of the Li must be non-zero to break SUSY; otherwise we could

easily arrange V = 0 just by choosing all φi = 0. ThisW can only be

gauge-invariant if the corresponding φi is a gauge singlet.

Therefore, F -term breaking of SUSY requires a gauge-singlet chiral

supermultiplet as a necessary, but not sufficient, condition.

However, the gauge-singlet may consist of composite fields.
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PROBLEM:  no gauge singlet in the MSSM that could get <F> = 0



The MSSM soft SUSY-breaking terms arise indirectly or radiatively, not from

tree-level renormalizable couplings directly to the SUSY-breaking sector.

(Hidden sector)
(Visible sector)

Supersymmetry

breaking origin
     MSSMFlavor-blind

interactions

Spontaneous SUSY breaking occurs in a “hidden sector” of particles with no

(or tiny) direct couplings to the “visible sector” chiral supermultiplets of the MSSM.

However, the two sectors do share some mediating interactions that transmit

SUSY-breaking effects indirectly. As a bonus, if the mediating interactions are

flavor-blind, then the soft SUSY-breaking terms of the MSSM will be also.

There are two obvious guesses for the flavor-blind interactions: gravitational and

the ordinary gauge interactions.
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Proposal: MSSM Soft SUSY breaking terms arise indirectly,
not through treel level, renormalizable couplings to the SUSY breaking sector

Spontaneous SUSY breaking occurs in a Hidden sector of particles, 
with none or tiny direct couplings to the MSSM particles, 

when some components of the hidden sector acquire a vev                   . < F >!= 0

 One can think of Messengers mediating some interactions that transmit

SUSY breaking effects indirectly from the hidden sector to the MSSM
  If the mediating interactions are flavor blind, so will the soft SUSY breaking terms of the 

MSSM (favored experimentally)

Flavor blind interactions:  gravitational and ordinary gauge interactions



Planck-scale Mediated SUSY Breaking (also known as “gravity mediation”)

The idea: SUSY breaking is transmitted from a hidden sector to the MSSM by the

new interactions, including gravity, that enter near the Planck mass scaleMP .

If SUSY is broken in the hidden sector by some VEV 〈F 〉, then the MSSM soft

terms should be of order:

msoft ∼
〈F 〉
MP

This follows from dimensional analysis, sincemsoft must vanish in the limit that

SUSY breaking is turned off (〈F 〉 → 0) and in the limit that gravity becomes

irrelevant (MP → ∞).

Since we knowmsoft ∼ few hundred GeV, andMP ∼ 2.4 × 1018 GeV:

√
〈F 〉 ∼ 1011

or 1012
GeV
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Gravity mediated SUSY breaking

When F acquires a non-zero vev, the above yields the soft SUSY breaking 
terms we proposed before, however, in principle, they are not flavor blind!!

Moduli/dilaton fields interact with MSSM fields with gravity type interactions
Effective field theory non-renormalizable Lagrangian couples their F 
component to MSSM scalar/gaugino fields

Observe, if <F>
MP

! a few hundred GeV, and MP ! 2.4× 1018 GeV

⇒
√

< F > # 1011 − 1012 GeV

Planck-scale Mediated SUSY Breaking (continued)

Write down an effective field theory non-renormalizable Lagrangian that couples

F to the MSSM scalar fields φi and gauginos λa:

LPMSB = −
( fa

2MP
Fλaλa + c.c.

)
−

kj
i

M2
P

FF ∗φiφ
∗j

−
( αijk

6MP
Fφiφjφk +

βij

2MP
Fφiφj + c.c.

)

This is (part of) a fully supersymmetric Lagrangian that arises in supergravity, but

it could have other origins too. When we replace F by its VEV 〈F 〉, we get
exactly the soft SUSY-breaking Lagrangian of lecture 2, with:

• Gaugino masses: Ma = fa〈F 〉/MP

• Scalar squared massed: (m2)j
i = kj

i |〈F 〉|2/M2
P and bij = βij〈F 〉/MP

• Scalar3 couplings aijk = αijk〈F 〉/MP

Unfortunately, it is not obvious that these are flavor-blind!
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Hints of an Organizing Principle

Fortunately, we already know that the MSSM soft terms cannot be arbitrary,

because of experimental constraints on flavor violation.

For example, if there is a smuon-selectronmixing

(mass)2 term L = −m2
µ̃LẽL

ẽLµ̃∗
L, and M̃ =

Max[mẽL
, mẽR

, M2], then by calculating this

one-loop diagram, one finds the decay width:

γ

e−µ−

eB,fW 0

eµ ee

µ− → e−γ

Γ(µ− → e−γ) = 5 × 10−21
MeV

(m2
µ̃LẽL

M̃2

)2(100 GeV
M̃

)4

For comparison, the experimental limit is (from MEGA at LAMPF):

Γ(µ− → e−γ) < 3.6 × 10−27
MeV.

So the amount of smuon-selectron mixing in the soft Lagrangian is limited by:

(m2
µ̃LẽL

M̃2

)
< 10−3

( M̃

100 GeV

)2
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Another example: K0 ↔ K0 mixing.

Let L = −m2
d̃Ls̃L

d̃Ls̃∗L be the flavor-violating

term, and M̃ = Max[md̃L
, ms̃L

, mg̃].

Comparing this diagram with∆mK0 gives:

eg eg

d̃ s̃

s̃ d̃

d s

s d

K0 ↔ K0

m2
d̃Ls̃L

M̃2
< 0.04

( M̃

500 GeV

)

The experimental values of ε and ε′/ε in the effective Hamiltonian for the

K0, K0 system also give strong constraints on the amount of d̃L, s̃L and

d̃R, s̃R mixing and CP violation in the soft terms.

Similarly:

TheD0, D0 system constrains ũL, c̃L and ũR, c̃R soft SUSY-breaking mixing.

The B0
d, B0

d system constrains d̃L, b̃L and d̃R, b̃R soft SUSY-breaking mixing.

In general, the soft-SUSY breaking terms must be either very heavy, or

nearly flavor-blind, to avoid flavor-changing violating experimental limits.
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Flavor Changing Neutral Currents

• Two particularly constraining examples of flavor changing neutral
currents induced by off-diagonal soft supersymmetry breaking parameters

• Contribution to the mixing in the Kaon sector, as well as to the rate of
decay of a muon into an electron and a photon.

• While the second is in good agreement with the SM predictions, the first
one has never been observed.

• Rate of these processes suppressed as a power of supersymmetric particle
masses and they become negligible if relevant masses are heavier than 10 TeV

18

SUSY Breaking and Flavour Changing Neutral Currents



Solution to the Flavor Problem
• There are two possible solutions to the flavor problem

• The first one is to push the masses of the scalars, in particular to the
first and second generation scalars, to very large values, larger than a
few TeV.

• Some people have taken the extreme attitude of pushing them to
values of order of the GUT scale. This is fine, but supersymmetry is
then broken in a hard way and the solution to the hierarchy problem
is lost.

• A second possibility is to demand that the scalar mass parameters
are approximately flavor diagonal in the basis in which the fermions
mass matrices are diagonal. All flavor violation is induced by either
CKM mixing angles, or by very small off-diagonal mass terms.

• This latter possibility is a most attractive one because it allows to
keep SUSY particles with masses of the order of the weak scale.
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Minimal Supergravity models (MSUGRA)
Assuming a huge simplification of the underlying theory

These values of soft  parameters are taken at the renormalization scale 
Q0=MGUT, and then run down to the electroweak scale.

A dramatic simplification occurs if one assumes a “minimal” form for the kinetic

terms and gauge interactions in the underlying supergravity theory. (Whether this

assumption is reasonable or not remains controversial.)

This means fa = f for all gauge interactions, kj
i = kδj

i for all scalar fields, and

αijk = αyijk and βij = βM ij . Then all of the MSSM soft terms can be

written in terms of just four parameters:

• A common gaugino mass: m1/2 = f 〈F 〉
MP

• A common scalar squared mass: m2
0 = k |〈F 〉|2

M2
P

• A scalar3 coupling prefactor: A0 = α 〈F 〉
MP

• A scalar mass2 prefactorB0 = β 〈F 〉
MP

This simplified parameter space is often called “Minimal Supergravity” or

“mSUGRA”.
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M

m2
H1

= m2
H2

= m2
0

m2
Q = m2

U = m2
D = m2

L = m2
E = m2

0

M3 = M2 = M1 = M1/2

Au = Ad = Al = A0 B = B0

The “mSUGRA” parameter space

In terms of the four parametersm1/2, m2
0, A0, and B0:

M3 = M2 = M1 = m1/2

m2
Q̃

= m2
˜̄u

= m2
˜̄d

= m2
L̃

= m2
˜̄e

= m2
0 1

m2
Hu

= m2
Hd

= m2
0

au = A0yu, ad = A0yd, ae = A0ye

b = B0µ.

These values of the soft terms should probably be taken at the renormalization

scaleQ0 = MP , and then run down to the weak scale. However, it is traditional

to useQ0 = MGUT instead, because nobody has any idea how to extrapolate

aboveMGUT! Part, but not all, of the error incurred in doing so can be

reabsorbed into the definitions ofm1/2,m
2
0, A0, andB0.
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Renormalization Group EvolutionRenormalization Group Evolution
• One interesting thing is that the gaugino masses evolve in the same

way as the gauge couplings:
d(Mi/αi)/dt = 0, dMi = −biαiMi/4π, dαi/dt = −biα2

i /4π

• The scalar fields masses evolve in a more complicated way.
4πdm2

i /dt = −Ci
a4M2

aαa + |Yijk|2[(m2
i + m2

j + m2
k + A2

ijk)]/4π

• There is a positive contribution coming from the gaugino masses and
a negative contribution proportional to the Yukawa couplings.

• Colored particles are affected by positive, strongly coupled
corrections and tend to be the heaviest ones.

• Weakly interacting particles tend to be lighter, particular those
affected by large Yukawas.

• There scalar field H2 is both weakly interacting and couples with the
top quark Yukawa. Its mass naturally becomes negative.

21

t ≡ ln(M2
GUT /Q2)

+ −

dt



Electroweak Symmetry Breaking

• The above relations apply to most squarks and leptons, but not to
the Higgs particles and the third generation squarks.

• The renormalization group equations of these mass parameters
include negative corrections proportional to the square of the large
top Yukawa coupling.

• In particlular, the H2 Higgs mass parameter m2
2, is driven to negative

values due to the influence 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 effect is more pronounced if M1/2 is small.
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Low Energy Masses in Minimal Supergravity Model

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

All gauginos acquire a common mass M1/2 at the GUT scale
Masses evolve differently under R.G.E. At low energies,

Squark Masses: m2
Q̃
! m2

0 + 6 M2
1/2

Left-Slepton Masses m2
L̃
! m2

0 + 0.5 M2
1/2

Right-Slepton Masses m2
Ẽ
! m2

0 + 0.15 M2
1/2

Wino Mass M2 = 0.8 M1/2.
Gluino Mass M3 = α3

α2
M2

Bino Mass M1 = α1
α2

M2

Lightest SUSY particle tends to be a Bino.
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Low energy masses and EWSB in MSUGRA



Renormalization Group Running for mSUGRA withm1/2 = 250 GeV,

m0 = 70 GeV, A0 = −300 GeV, tanβ = 10, and sign(µ) = +1

GauginomassesM1, M2, M3

Slepton masses (dashed=stau)

Squark masses (dashed=stop)

Higgs: (m2
Hu

+ µ2)1/2,

(m2
Hd

+ µ2)1/2
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Electroweak symmetry breaking occurs becausem2
Hu

+ µ2 runs negative near

the electroweak scale. This is due directly to the large top quark Yukawa coupling.
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Electroweak Symmetry Breaking radiatively generated

µ determined by EWSB but for its sign



Here is the resulting sparticle mass spectrum:

h0

H0,A0

H±

Ñ1

Ñ2

Ñ3

Ñ4

C̃1

C̃2

g̃ d̃L,ũL

ũR,d̃R

ẽL

ẽR

ν̃e

t̃1

t̃2

b̃1

b̃2

τ̃1

τ̃2

ν̃τ

Mass

This is typical, qualitatively, of mSUGRA models with relatively largem1/2.

Notes: The Higgs sector is in the decoupling limit, with h0 near the LEP2 limit.

A neutralino is the LSP. The gluino is the heaviest sparticle. The lightest squark is

the top squark. The lightest slepton is the tau slepton.
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Resulting MSSM Spectrum: 
Typical for MSUGRA models with                . M 1

2
> m0

Higgs Sector in the decoupling limit.
Neutralino is the LSP.                      The Gluino is the heaviest sparticle
The lightest squark is the stop.         The lightest slepton is the stau.



Gauge mediated SUSY breakingGauge-Mediated SUSY Breaking (GMSB) models

The idea: SUSY breaking is transmitted from a hidden sector by the ordinary

SU(3)C × SU(2)L × U(1)Y gauge interactions. This makes them

automatically flavor-blind!

To do this, introduce new, heavy, chiral supermultiplets, called messengers,

which couple to 〈F 〉 and also to the MSSM gauge bosons and gauginos.

If the typical messenger particle masses areMmess, the MSSM soft terms are:

msoft ∼
αa

4π

〈F 〉
Mmess

The αa/4π is a one-loop factor for diagrams involving gauge interactions. This

follows by dimensional analysis, sincemsoft must vanish as 〈F 〉 → 0, or as the

messengers become very heavy.

Note that
√
〈F 〉 can be as low as 104 GeV, ifMmess is comparable.

This is much lower than in Planck-scale Mediated SUSY Breaking. Therefore,

these are also sometimes called “low-scale SUSY breaking” models.
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This makes them automatically flavor blind !

* Hidden sector singlet superfield S, analogous to  moduli fields in SUGRA, has      
           an F-term with non-zero v.e.v.  ==> induces SUSY breakdown

New, heavy chiral multiplets - MESSENGER superfields - which couple 
to          , and to the MSSM particles through ordinary gauge interactions 〈F 〉

If msoft !100 GeV ⇒ 〈F 〉
Mmess

! 100 TeV
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one loop factor for 
diagrams with gauge
interactions

√
〈F 〉 as low as 104 GeV if Mmess comparable



A Minimal Gauge mediated SUSY Breaking ModelMinimal Gauge-Mediated SUSY Breaking model

For a minimal model, take a set of new chiral supermultiplets q, q, !, ! that
transform under SU(3)C × SU(2)L × U(1)Y as

q ∼ (3,1,−1

3
); q ∼ (3,1,

1

3
); ! ∼ (1,2,

1

2
); ! ∼ (1,2,−1

2
).

These supermultiplets contain messenger quarks ψq, ψq and scalar quarks q, q

and messenger leptons ψ!, ψ! and scalar leptons !, !. These particles must get

very large masses so as not to have been discovered already. They do so by

coupling to a gauge-singlet chiral supermultiplet S through a superpotential:

Wmess = y2S!! + y3Sqq.

The scalar component of S and its auxiliary field are both assumed to acquire

VEVs, denoted 〈S〉 and 〈FS〉 respectively.

Note that the chiral supermultiplet S might be composite, and 〈FS〉 $= 0 might

come from an O’Raifeartaigh model, or from some more complicated dynamical

mechanism. (We don’t need to know!)
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The messengers acquire heavy masses by coupling to the gauge- singlet 
chiral multiplet S, whose auxiliary and scalar components acquire v.e.v’s

Minimal Gauge-Mediated SUSY Breaking model (continued)

The effect of SUSY breaking is to split the messenger masses:

!, ! : m2
fermions

= |y2〈S〉|2 , m2
scalars = |y2〈S〉|2 ± |y2〈FS〉| ;

q, q : m2
fermions

= |y3〈S〉|2 , m2
scalars = |y3〈S〉|2 ± |y3〈FS〉| .

The SUSY-breaking apparent here is transmitted

to the MSSM gauginos through one-loop graphs:

The results are

! S "

! FS "

B, W, g

Ma =
αa

4π
Λ, where Λ ≡

〈FS〉
〈S〉

.

The MSSM gauge bosons do not get such a mass shift, since they are protected

by gauge invariance. So SUSY breaking has been successfully communicated to

the MSSM.
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Aq, Aq̄

Al, Al̄



Integrating the messenger sector gives mass to gauginos at one-loop

Minimal Gauge-Mediated SUSY Breaking model (continued)
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Gauge bosons do not get contributions since
 they are protected by gauge invariance

==> successful SUSY breakdown

Scalar superpartner masses are generated at two-loops
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ψq̄ψq

Aq Aq̄Minimal Gauge-Mediated SUSY Breaking model (continued)

The MSSM scalars do not get

any masses at 1-loop order,

but do at 2-loops from these

Feynman diagrams:

The result for each MSSM scalar φ can be written:

m2
φ = 2Λ2

h“α3

4π

”2

Cφ
3 +

“α2

4π

”2

Cφ
2 +

“α1

4π

”2

Cφ
1

i
, where

Cφ
3 =


4/3 for φ = eQi, ēui, ēdi;

0 for φ = eLi, ēei, Hu, Hd

Cφ
2 =


3/4 for φ = eQi, eLi, Hu, Hd;

0 for φ = ēui, ēdi, ēei

Cφ
1 = 3Y 2

φ /5 for each φ with weak hypercharge Yφ.

These squared masses are positive (fortunately!).
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Ai

Ai Ai Ai

Minimal GMSB model can be generalized by putting N copies of the 
messenger sector.  All expressions above multiplied by N
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GMSB mass parameters

Ai trilinear SUSY breaking mass parameter arise at two-loop and are 
suppressed by an extra loop factor with respect to gaugino masses

Assumed to be zero at the SUSY breaking scale, but get renormalized at low energies

 Gaugino masses arise at one-loop and scalar squared masses at 
two-loops, hence they are comparable

Mi ! mAi !
α

4π
Λ

However, different scaling with N, 
number of messenger!

Mass hierarchies related to the strength of their gauge interactions

Mi

Mj
=

αi

αj

mq̃

ml̃

=
α3

α1,2

Lightest SM-SUSY partner tends to be a Bino or Higgsino, unless N >1



The GravitinoGravitino

• When standard symmetries are broken spontaneously, a massless
boson appears for every broken generator.

• If the symmetry is local, this bosons are absorved into the
longitudinal components of the gauge bosons, which become massive.

• The same is true in supersymmetry. But now, a massless fermion
appears, called the Goldstino.

• In the case of local supersymmetry, this Goldstino is absorved into
the Gravitino, which acquires mass mG̃ = F/MPl, with F the order
parameter of SUSY breaking.

• The coupling of the Goldstino (gravitino) to matter is proportional to
1/
√

F = 1/
√

mG̃MPl, and couples particles with their superpartners.

• Masses of supersymmetric particles is of order F/M , where M is the
scale at which SUSY is transmitted.
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GMSB models typically predict that the gravitino (which has absorbed the

Goldstino) is the LSP. This is because, provided thatMmess ! MP ,

m3/2 ∼
〈F 〉
MP

! msoft ∼
αa

4π

〈F 〉
Mmess

In fact,m3/2 can be as low as 0.1 eV, for
√
〈F 〉 ∼ 104 GeV.

The lightest of the MSSM superpartner states is often called the Next-to-Lightest

Supersymmetric Particle (NLSP).

The NLSP need not be neutral, since it can decay into its Standard Model partner

and the Goldstino/gravitino.
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The gravitino is the LSP !

GMSB models typically predict that the gravitino (which has absorbed the

Goldstino) is the LSP. This is because, provided thatMmess ! MP ,

m3/2 ∼
〈F 〉
MP

! msoft ∼
αa

4π

〈F 〉
Mmess

In fact,m3/2 can be as low as 0.1 eV, for
√
〈F 〉 ∼ 104 GeV.

The lightest of the MSSM superpartner states is often called the Next-to-Lightest

Supersymmetric Particle (NLSP).

The NLSP need not be neutral, since it can decay into its Standard Model partner

and the Goldstino/gravitino.
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Goldstone



Gauge-Mediated, Low-energy SUSY Breaking Scenarios

• Special feature −→ LSP: light (gravitino) Goldstino:

mG̃ ∼
F

MP l
$ 10−6 − 10−9GeV

If R-parity conserved, heavy particles cascade to lighter ones and

NLSP −→ SM partner + G̃

• Signatures: The NLSP (Standard SUSY particle) decays

decay length L ∼ 10−2cm
( mG̃

10−9GeV

)2 ×
(

100GeV
MNLSP

)5

! NLSP can have prompt decays:

Signature of SUSY pair: 2 hard photons, (H’s, Z’s) + E/T from G̃

! macroscopic decay length but within the detector:

displaced photons; high ionizing track with a kink to a minimum ionizing track

(smoking gun of low energy SUSY)

! decay well outside the detector: E/T like SUGRA
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A sample sparticle mass spectrum for Minimal GMSB

withN = 1, Λ = 150 TeV, Mmess = 300 TeV, tan β = 15, sign(µ) = +1

h0

H0,A0

H±

Ñ1

Ñ2

Ñ3

Ñ4

C̃1

C̃2

g̃

d̃L,ũL

ũR,d̃R

ẽL

ẽR

ν̃e

t̃1

t̃2
b̃1

b̃2

τ̃1

τ̃2

ν̃τ

Mass

The NLSP is a neutralino, which can decay to the nearly massless

Goldstino/gravitino by: Ñ1 → γG̃. This decay can be prompt, or with a

macroscopic decay length.
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Interesting:  The NLSP does not need to be neutral, can be the stau/slepton



Conclusions

The SM Higgs mechanism solves the Mystery of Mass of all the fundamental particles

 ==> The Tevatron and ultimately the LHC will have the final word on the SM Higgs

   Cosmology shows the universe is mostly made of Dark Matter and Dark Energy

                       All evidence comes from gravitational interactions:

                              how well do we really understand gravity?

  The SM must be superceded by a more fundamental theory at the TeV scale

   Many EWSB theories predict the existence of Dark Matter at the weak scale !

                                Supersymmetry is the leading candidate

It can also explain the Mystery of the Baryon asymmetry with EW scale physics

We are about to enter an exciting era in which findings both in
 particle physics and cosmology

 will further revolutionize our understanding of nature

Outlook



Appendix on Higgs at Colliders



MSSM Higgs Boson Searches at colliders

1) Search for a SM-like Higgs responsible for EWSB
must have SM-like couplings to W-Z gauge bosons

and most probably SM-like couplings to the top-quark

2) Search for the non-SM-like neutral Higgs bosons  A and H 
they have        enhanced couplings to the bottom quarkstanβ



LEP2 Searches for Higgs bosons

The most important constraints on SUSY parameter space come from searches

for the MSSM Higgs bosons at LEP2. The relevant processes include:

e−

e+

Z

h0

Z

∝ sin2(β − α)

e−

e+

Z

h0

A0

∝ cos2(β − α)

The first diagram is the same as for the Standard Model Higgs search in the

decoupling limit, where sin2(β − α) ≈ 1. Many SUSY models fall into this

category, and the LEP2 bound (nearly) applies:

mh0 > 114.4 GeV (95% CL)

General bounds in SUSY are much weaker, but “most” of parameter space in the

MSSM yields a Standard-Model-like lightest Higgs boson.

137

 The past: Higgs Searches at LEP



The MSSM HIGGS sector

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

• Quantum corrections affect the couplings relevantly, especially for the heavy Higgs bosons

(enhanced)

m
H

±
> 78.6GeV

m
h
> 91.0 GeV;       m

A,H
> 91.9 GeV;

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

MSSM Higgs

Charged Higgs SM-like Higgs

Present Status of MSSM Higgs searches
95%C.L. limits

main decay mode
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e
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h ! bb 

m
h
> 91.0GeV;     m

A
> 91.9GeV
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m
H
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m
h
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MH GeV]with  H ! bb, WW    

with H ! WW

Direct Higgs searches at the Tevatron

                                                               Quite challenging!

Evidence of a signal will mean that  the Higgs has SM-like couplings to the W and Z

•  Tevatron can search for a Higgs in most of

   the mass range preferred by precision data

With ongoing improvement in sensitivity + two detectors

Probe of a Higgs with mass = 115 GeV         2.5 fb-1

                                                160 GeV         ~3 fb-1

Ultimate Tevatron Luminosity: 4-8 fb-1



The search for the Standard Model Higgs at the LHC

A Standard Model Higgs cannot escape detection at the LHC !

• Low mass range mHSM < 200 GeV

H !"" ,## ,bb,WW ,ZZ

•  High mass range mHSM > 200 GeV

H !WW ,  ZZ
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  All channels combined
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Non-Standard Higgs Production at the Tevatron and LHC

••      Important effects onImportant effects on couplings to b quarks  and tau-leptons
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There is a strong dependence on the SUSY parameters in the bb search channel.

This dependence is much weaker in the tau-tau channel
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Direct DM experiments: CDMS, ZEPLIN, EDELWEISS, CRESST,WARP,…

sensitive mainly to spin-independent elastic scattering cross section (                    )

==> dominated by virtual exchange of H and h

•  tan!  enhanced couplings of H to strange,

             and to gluons via bottom loops  

� 

! SI "10
#8
pb

                       Direct Detection Dark Matter Experiments

••  Collider experiments can find evidence of DM through       signature

but no conclusive proof of the stability of a WIMP

••        Direct Detection Experiments can establish the existence of Dark Matter particles

E
T

WIMPs elastically scatter off nuclei in targets,

 producing nuclear recoils

R = N
i

i

!  "# $
i#



H/A Higgs searches at the Tevatron and LHC and neutralino direct DM searches, 

                                            both depend on 

Indirect Non-SM-like MSSM Higgs searches via Direct Detection DM experiments
-- the interplay with direct Higgs searches at Colliders --

� 

m
A
 and tan!

                                      For µ = 400,800,1200,2000 GeV

Smaller µ  values imply larger Higgsino component of the LSP  ==> larger !SI  

H/A !""  at LHC 30 fb
-1

H/A !""  at Tevatron 4 fb
-1

 Direct detection of DM              detection of A/H  at the Tevatron and LHC

CDMS 2007

m
A
[GeV]

tan!

SCDMS 150 Kg

m
A
[GeV]

tan!

M.C., Hooper, Skands 06



==> Evidence for H/A at the Tevatron (LHC)  implies neutralino cross sections

      typically within the reach of present (future) direct DM detection experiments.

            (strong    dependence)

CDMS DM searches Vs the Tevatron and LHC H/A searches

µ

Tevatron reach with 4 fb-1 LHC reach with 30 fb-1

mWIMP[GeV] mWIMP[GeV]

M.C., Hooper, Vallinoto 07



Appendices on SUSY breaking mechanisms



D-term breaking: the Fayet-Iliopoulis model

Suppose a U(1) gauge symmetry is present, with some scalar supermultiplets
carrying its charges. There is a supersymmetric and gauge-invariant term:

L = −κD

where κ is called the Fayet-Iliopoulis constant, andD is the auxiliary field for the

U(1) gauge supermultiplet. The part of the potential involvingD is:

V = κD − 1
2
D2 − gD

X

i

qi|φi|2.

The qi are the U(1) charges of scalar fields φi. The equation of motion forD is:

D = κ − g
X

i

qi|φi|2.

Now suppose the φi have superpotential massesMi. (Gauge invariance

requires that they come in pairs with opposite charges.) Then the potential will be:

V =
X

i

|Mi|2|φi|2 + 1
2
(κ − g

X

i

qi|φi|2)2.

Note that V = 0 is not possible for any φi. So SUSY must break. . .
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Appendix A:
 D-Term Breaking: Iliopoulis Model



D-term breaking (continued)

V =
X

i

|Mi|2|φi|2 + 1
2
(κ − g

X

i

qi|φi|2)2.

If the superpotential masses are large enough (M2
i > gqiκ for each i), then the

minimum of the potential is at:

φi = 0, D = κ, V = 1
2
κ2

The scalar and fermion masses are not degenerate:

m2
φi

= M2
i − gqiκ

m2
ψi

= M2
i

This is a clear sign that SUSY has indeed been broken.

One might hope that the U(1)Y of the MSSM could get aD-term VEV to break

SUSY. Unfortunately, the MSSM squarks and sleptons do not have superpotential

masses, so they will just get VEVs in such a way as to make theDY = 0. This

would be horrible: SU(3)C and U(1)EM would be broken completely, but SUSY

would not be broken!
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D-term (continued)

SUSY is broken

More generally, D-term breaking for any U(1) turns out to have
great difficulty in giving acceptably large masses to gauginos. So

F -term breaking is usually considered more promising as the main

source of SUSY breaking. . .
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One might hope that the U(1)Y of the MSSM could get the D term v.e.v to break SUSY.
Unfortunately MSSM squarks and sleptons do not hace Superpotential masses, so they 
will just get v.e.v’s to make DY=0. 

 This would break SU(3)c and U(1)em but leave SUSY unbroken !!!



F -term breaking: the O’Raifeartaigh Model

The simplest example has n = 3 chiral supermultiplets, with φ1 the required

singlet, and:

W = −kφ1 + mφ2φ3 +
y

2
φ1φ

2
3

Then the auxiliary fields are:

F1 = k −
y

2
φ∗2

3 , F2 = −mφ∗
3, F3 = −mφ∗

2 − yφ∗
1φ

∗
3.

The reason SUSY must be broken is that F1 = 0 and F2 = 0 are not

compatible. The minimum of this potential is at φ2 = φ3 = 0, with φ1 not

determined (classically). Quantum corrections fix the true minimum to be at

φ1 = 0. At the minimum:

F1 = k, V = k2 > 0.
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Appendix B



F -term breaking (continued)

If you assumem2 > yk and expand the scalar fields around the minimum at

φ1 = φ2 = φ3 = 0, you will find 6 real scalars with tree-level squared masses:

0, 0, m2, m2, m2 − yk, m2 + yk.

Meanwhile, there are 3 Weyl fermions with squared masses

0, m2, m2.

The fact that the fermions and scalars aren’t degenerate is a clear sign that SUSY

has indeed been spontaneously broken.

The 0 mass2 eigenvalues belong to the complex scalar φ1 and its superpartner

ψ1. The masslessness of φ1 corresponds to the flat direction of the classical

potential. It is lifted by quantum corrections at one loop, resulting in:

m2
φ1

=
y4k2

48π2m2
.

However, ψ1 remains exactly massless, even including loop effects. Why?
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The Goldstino (G̃)

In general, the spontaneous breaking of a global symmetry gives rise to a

massless Nambu-Goldstone mode with the same quantum numbers as the

broken symmetry generator. Here, the broken generator is the fermionic charge

Qα, so the Nambu-Goldstone particle must be a massless, neutral, Weyl fermion,

called the Goldstino. It is always the fermion that lives in the same supermultiplet

with the auxiliary field that got a VEV to break SUSY.

After SUSY breaking, you can show using Noether’s Theorem that the Goldstino

has an effective Lagrangian of the form (assuming F -term breaking for simplicity):

LGoldstino = −iG̃†σµ∂µG̃ −
1

〈F 〉
(G̃∂µJµ + c.c.)

where Jµ is the fermionic supercurrent, and contains products of all of the fields

and their superpartners.
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The Goldstino is a consequence of spontaneously breaking global SUSY.

Including gravity, SUSY becomes a local symmetry. The spinor εα used to define

the SUSY transformations is no longer constant.

The resulting locally supersymmetric theory is supergravity. In unbroken

supergravity, the graviton has a massless spin-
3
2 partner (with only helicities±

3
2 )

called the gravitino, with odd R-parity (PR = −1).

When local SUSY is spontaneously broken, the gravitino absorbs the would-be

massless Goldstino as its helicity± 1
2 components, and acquires a mass:

m3/2 ∼
〈F 〉

MPlanck

This follows by dimensional analysis, sincem3/2 must vanish if SUSY-breaking is

turned off (〈F 〉 → 0) or gravity is turned off (MPlanck → ∞). The gravitino

inherits the couplings of the Goldstino it has eaten.
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Spontaneous Breaking of SUSY requires us to extend the MSSM

• D-term breaking using U(1)Y can’t work

• There is no gauge-singlet chiral supermultiplet in the MSSM that could get a

non-zero F -term VEV.

Even if there were such an 〈F 〉, there is another general obstacle. Gaugino
masses cannot arise in a renormalizable SUSY theory at tree-level. This is

because SUSY does not contain any (gaugino)-(gaugino)-(scalar) coupling that

could turn into a gaugino mass term when the scalar gets a VEV.

We also have the clue that SUSY breaking must be essentially flavor-blind in

order to not conflict with experiment.

This leads to the following general schematic picture of SUSY breaking. . .
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F-term Breaking directly coupled to the MSSM sector does not work



Extra-Dimensional Mediated SUSY Breaking

The Idea: Make the separation between hidden

sector and visible sector a physical distance, for

example along a hidden 5th dimension. The

MSSM field theory is confined to a 4d “brane”,

and SUSY is spontaneously broken on another,

parallel, 4d brane.

“the bulk”

R5

MSSM brane

(we live here)

Hidden brane

〈F 〉 #= 0

Provided that the distance between the branes is large,R5 ! 1/MP , then dangerous

flavor-violating effects in the MSSM soft terms can be suppressed by factors of e−R5MP .

There are various sub-ideas to play with here, including:

• Only gravity propagates in the bulk (Anomaly-Mediated SUSY Breaking)

Randall, Sundrum; Giudice, Luty, Murayama, Ratazzi

• Gauge supermultiplets propagate in the bulk (Mirabelli,Peskin; Kaplan, Kribs,

Schmaltz; Chacko, Luty, Nelson, Ponton; . . . )

• SUSY broken by 5d boundary conditions (Scherk-Schwarz SUSY Breaking)
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Perhaps the most predictive scenario is:

Anomaly Mediated SUSY Breaking

The idea: assume that only gravity propagates in the bulk. Then all

SUSY-breaking effects are suppressed, except a contribution from the conformal

anomaly which is always present.

One can show that the resulting soft terms are given in terms of the

renormalization group quantities (beta functions and anomalous dimensions) as:

Ma = (βga
/ga)m3/2 (gaugino masses)

(m2)j
i = − 1

2

dγj
i

d(lnQ)
m2

3/2 (scalar masses)

These are flavor-blind, to a good approximation, because they are dominated by

gauge couplings. Unfortunately, the MSSM sleptons are predicted to have

negative squared mass!
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Problem:  Slepton are predicted to have negative squared masses


