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Abstract

These lectures give an introduction to the problem of finding a realistic

and natural extension of the standard model based on spontaneously bro-

ken supersymmetry. Topics discussed at some length include the effec-

tive field theory paradigm, coupling constants as superfield spurions, gauge

mediated supersymmetry breaking, and anomaly mediated supersymmetry

breaking, including an extensive introduction to supergravity relevant for

phenomenology.
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1 Introduction

Our present understanding of particle physics is based on effective quantum field the-

ory. Quantum field theory is the inevitable result of combining quantum mechanics

and special relativity, the two great scientific revolutions of the early twentieth cen-

tury. An effective quantum field theory is one that includes only the degrees of free-

dom that are kinematically accessible in a particular class of experiments. Presently,

the highest energies probed in accelerator experiments are in the 100 GeV range, and

the standard model is an effective quantum field theory that describes all physical

phenomena at energies of order 100 GeV and below.

The standard model contains a Higgs scalar that has not been observed as of this

writing. Therefore, the minimal effective theory that describes the present data does

not contain a Higgs scalar. This effective theory allows for the possibility that the

dynamics that breaks electroweak symmetry does not involve elementary scalars (as

in ‘technicolor’ theories, for example). This effective theory necessarily breaks down

at energies of order a TeV, and therefore new physics must appear below a TeV. This

is precisely the energy range that will be explored by the LHC starting in 2007-2008,

which is therefore all but guaranteed to discover the interactions that give rise to

electroweak symmetry breaking, whether or not it involves a Higgs boson.

If the physics that breaks electroweak symmetry does not involve particles with

masses below a TeV, then it must be strongly coupled at a TeV. Contrary to what

is sometimes stated, precision electroweak experiments have not ruled out theories of

this kind. For example, if we estimate the size of the S and T parameters assuming

that the electroweak symmetry breaking sector is strongly coupled at a TeV with no

large or small parameters, we obtain

∆S ∼ 1

π
, ∆T ∼ 1

4π
, (1.1)

which are near the current experimental limits. The strongly-coupled models that are

ruled out are those that contain N ≫ 1 degrees of freedom at the TeV scale; in these

models the estimates for S and T above are multiplied by N . Another difficulty with

building models of strongly-coupled electroweak symmetry breaking is incorporating

quark mixing without large flavor-changing neutral current effects. However, given

our profound ignorance of strongly-coupled quantum field theory, it may be prudent

to keep an open mind. Fortunately, the LHC will tell us the answer soon.

The subject of these lectures is weakly-coupled supersymmetry (‘SUSY’). As you

have heard in previous lectures, there are several hints that SUSY is correct. First,

the simplest supersymmetric grand unified models predict a precise relation among
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the three gauge couplings of the standard model that is in excellent agreement with

observation. Second, the best fit to precision electroweak data is obtained with a Higgs

boson with a mass close to the experimental lower limit of 114 GeV from LEP. Such

a light Higgs boson arises automatically in SUSY. Finally, SUSY naturally contains

a viable cold dark matter candidate.

If SUSY is in fact discovered at the LHC, it will be the culmination of decades

of work by many hands, starting with general theoretical investigations of spacetime

symmetries and the construction of supersymmetric quantum field theories, to the

realization that SUSY can solve the hierarchy problem and the construction of real-

istic models of broken supersymmetry. It will be an intellectual triumph comparable

to general relativity, another physical theory that fundamentally changed our view

of space and time, and which was also proposed based on very general theoretical

considerations and later spectacularly verified by experiment.

If SUSY is realized in nature, it must be broken. In this case, the pattern of

SUSY breaking can give us a great deal of information about physics at much higher

energy scales. There are a number of theoretically well-motivated mechanisms for

SUSY breaking, each of which give distinct patterns of SUSY breaking that can be

experimentally probed at the weak scale. If nature is supersymmetric at the weak

scale, then the experimental program in particle physics after the LHC turns on will

be largely the study of superpartners.

These are exciting prospects, but we are not there yet. There is at present no direct

experimental evidence for superpartners, or a light Higgs boson. Indirect experimen-

tal constraints place strong constraints on the simplest SUSY models, requiring either

accidental cancelations (fine tuning) or additional non-minimal structure in the the-

ory. It is premature to say that these constraints rule out the idea of SUSY, but they

must be addressed by any serious proposal for weak scale SUSY.

These lectures will review both the progress that has been made in constructing

realistic models of SUSY breaking, and the problems faced by SUSY in general,

and these models in particular. It is my hope that these lectures will challenge and

inspire—rather than discourage—the next generation of particle physicists.

2 Effective Field Theory and Naturalness

If we take seriously the idea that the standard model is an effective field theory, then

the coupling constants of the standard model are not to be viewed as fundamental

parameters. Rather they are to be thought of as effective couplings determined by

a more fundamental theory. How do we know there is a more fundamental theory?
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For one thing, we hope that there is a more fundamental theory that explains the

∼ 20 free parameters of the standard model (mostly masses and mixings). One piece

of evidence for a simpler fundamental theory comes from the fact that the standard

model gauge couplings approximately unify at a scale MGUT ∼ 1016 GeV. This

is evidence that MGUT is a scale of new physics described by a more fundamental

theory. Another evidence for a new scale is the fact that gravity becomes strongly

interacting at the scale MP ∼ 1019 GeV, and we expect new physics at that scale.

Finally, as we review below, the recent observation of neutrino mixing suggests the

existence of another scale in physics of order 1015 GeV. These scales are so large that

we cannot ever hope to probe them directly in accelerator experiments. The best

that we can do is to understand how the effective couplings that we can measure are

determined by the more fundamental theory.

2.1 Matching in a Toy Model

Let us consider a simple example that shows how effective couplings are determined

from an underlying theory. Consider a renormalizable theory consisting of a real

scalar h coupled to a Dirac fermion field ψ:

L = ψ̄i/∂ψ + 1
2
(∂h)2 − 1

2
M2h2 − λ

4!
h4 + yhψ̄ψ. (2.1)

This theory has a discrete chiral symmetry

ψ 7→ γ5ψ, h 7→ −h, (2.2)

that forbids a fermion mass term, since ψ̄ψ 7→ −ψ̄ψ. For processes with energy

E ≪ M , the scalar is too heavy to be produced. We should therefore be able to

describe these processes using an effective theory containing only the fermions.

We determine the effective theory by matching to the fundamental theory. Let us

consider fermion scattering. In the fundamental theory, we have at tree level

= + crossed, (2.3)

while in the effective theory the scattering comes from an effective 4-fermion coupling:

= . (2.4)
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Matching is simply demanding that these two expressions agree order by order in an

expansion in 1/M . This corresponds to expanding the scalar propagator in inverse

powers of the large mass:

1

p2 −M2
= − 1

M2
− p2

M4
+ O(p4/M6). (2.5)

Equivalently, we can solve the classical equations of motion for h in the fundamental

theory order by order in 1/M2:

h =
1

M2

[

yψ̄ψ − h− λ

3!
h3

]

(2.6)

=
y

M2
ψ̄ψ − y

M4
(ψ̄ψ) + O(1/M6). (2.7)

Substituting this into the lagrangain, we obtain the effective Lagrangian at tree level

Leff = ψ̄i/∂ψ +
y2

2M2
(ψ̄ψ)2 − y2

2M4
ψ̄ψ (ψ̄ψ) + O(1/M6). (2.8)

This effective Lagrangian will give the same results as the Lagrangian Eq. (2.1) for

all tree level processes, up to corrections of order 1/M6.

We can continue the matching procedure to include loop corrections, as shown in

Fig. 2. The new feature that arises here is the presence of UV divergences in both the

fundamental and effective theories. However, the matching ensures that the results in

the effective theory are finite, and this determines the counterterms that are required

in the effective theory. The result is that the renormalized couplings in the effective

theory are a power series in 1/M even at loop level.
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Exercise 1: Carry out the one-loop matching of the four fermion vertex using

a momentum space cutoff regulator in both the fundamental and the effective

theory. If we write the effective Lagrangian as

Leff = ψ̄i/∂ψ +G(ψ̄ψ)2 + O(1/M4), (2.9)

show that

G =
y2

2M2

[

1 +
c1y

2Λ2

16π2M2
+

y2

16π2

(

c2 ln
Λ

M
+ c3

)

]

, (2.10)

where Λ is the momentum space cutoff and c1,2,3 are numbers of order 1.

Note that all the non-analytic behavior of the loop amplitudes cancels in the

matching computation. Compute the fermion-fermion scattering amplitude

at one loop in the effective theory and show that it is independent of Λ at

one-loop order.

What is the value of Λ that is appropriate for a matching calculation? Renormal-

ization theory tells us that the physics is insensitive to the value of the cutoff, and so

it does not matter. To get complete cutoff sensitivity one should take the cutoff to

infinity, in which case the matching gives a relation among renormalized couplings in

the fundamental and effective theory.

Note that the couplings in the effective theory are determined by dimensional

analysis in the scale M , provided that the dimensionless couplings y and λ in the

fundamental theory are order 1. If the scale M is much larger than the energy

scale E that is being probed, then the effects of the higher-order effects in the 1/M2

expansion are very small.

2.2 Relevant, Irrelevant, and Marginal Operators

The features we have seen in the example above are very general. A general effective

Lagrangian is defined by the particle (field) content and the symmetries. An effective

Lagrangian in principle contains an infinite number of operators, but only a finite

number of them are important at a given order in the expansion in 1/M2, where

M is the scale of new physics. It is therefore useful to classify the terms in the

effective Lagrangian according to their dimension. An operator of dimension d will

have coefficient

∆Leff ∼ 1

Md−4
Od. (2.11)
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Inserting this term as a first-order perturbation to a given amplitude, we obtain an

expansion of the form

A ∼ A0

[

1 +
Ed−4

Md−4
+ · · ·

]

, (2.12)

where E is the kinematic scale of the physical process. We see that the effects of oper-

ators with dimension d > 4 decrease at low energies, and these are called ‘irrelevant’

operators. The effects of operators with d = 4 are independent of energy, and these

operators are called ‘marginal.’ Finally, the effects of operators with d < 4 increase

with energy, and these operators are called ‘relevant.’ Loop effects change the scaling

behavior of couplings. For weakly coupled theories, the most important change is

that dimensionless couplings run logarithmically. The effects of quantum corrections

on scaling behavior can be much more dramatic in strongly-coupled conformal field

theories. See the lectures by Ann Nelson at this school.

For irrelevant and marginal operators, it makes sense for their coefficient to be

fixed by dimensional analysis at the scale M . But if a relevant operator has a coeffi-

cient fixed by dimensional analysis at the scale M , then its effects are not small below

the scale M . In this case, the simple picture based on dimensional analysis cannot

be correct.

2.3 Naturally Small Parameters and Spurions

In the toy model considered above, there is a relevant operator that could be added

to the effective Lagrangian, namely a fermion mass term

∆L = mψ̄ψ. (2.13)

However, this was forbidden by the chiral symmetry Eq. (2.2), and so it is natural to

omit this term. As we now discuss, this symmetry also means that it is natural for

the mass to be nonzero but very small, i.e. m≪M .

Suppose that we modify the theory by adding the fermion mass term Eq. (2.13).

Now the chiral symmetry Eq. (2.2) is broken, but the effects of this breaking come

only from the parameter m. Therefore, if we compute loop corrections to the fermion

mass, we find that they are proportional to the scale m itself. For example, computing

the effective fermion mass by matching at one loop gives

meff = m+
y2

16π2
cm ln

Λ

M
, (2.14)

where c ∼ 1. The size of the loop correction is controlled by m rather than M because

an insertion of m is required to break the symmetry.
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This can be formalized in the following way. We can say that the mass parameter

m transforms under the discrete symmetry Eq. (2.2) as

m 7→ −m. (2.15)

What this means is that if we view m as a parameter, all expressions must depend

on m in such a way that the chiral symmetry including the transformation Eq. (2.15)

is a good symmetry. We can think of m as a field, and the numerical value of m as

a vacuum expectation value for the field. We say that m is a ‘spurion field.’ This

spurion analysis immediately tells us that quantities that are even under the chiral

symmetry will depend only on even powers of m, while quantities that are odd will

depend on odd powers of m. This kind of spurion analysis will be very useful when

we consider SUSY breaking.

2.4 Fine Tuning in a Toy Model

To illustrate the problem with relevant operators that are not forbidden by any sym-

metry, let us consider another example of a light real scalar field φ coupled to a heavy

Dirac fermion Ψ:

L = 1
2
(∂φ)2 − 1

2
m2φ2 − λ

4!
φ4 + Ψ̄i/∂Ψ −MΨ̄Ψ + yφΨ̄Ψ. (2.16)

Note that the mass operator φ2 has d = 2, and is therefore relevant. The mass of

the scalar cannot be forbidden by any obvious symmetry, but we simply assume that

m2 is chosen to make the scalar lighter than the fermion. We can describe processes

with energies E ≪ M using an effective theory where the heavy fermion has been

integrated out. Carrying out the one-loop matching calculation, we find that the

scalar mass in the effective theory has the form

m2
eff = m2 +

y2

16π2

[

c1Λ
2 + c2m

2 ln
Λ

µ
+ c3M

2 + O(M4/Λ2)

]

. (2.17)

where Λ is the cutoff used. If we use dimensional regularization in 4 − ǫ dimensions

and minimal subtraction, then we obtain

m2
eff = m2 +

y2

16π2

[

c2
ǫ
m2 + c3M

2 + O(ǫ)
]

. (2.18)

In either case, we can write this in terms of the renormalized mass m2(µ = M):

m2
eff(µ = M) = m2(µ = M) +

c3y
2

16π2
M2. (2.19)
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In this expression, the cutoff dependence has disappeared, but the dependence on

the (renormalized) mass M remains. This shows that if we want to make the scalar

light compared to the scale M , we must tune the renormalized couplings in the

fundamental theory so that there is a cancellation between the terms on the right-

hand side of Eq. (2.19). The accuracy of this fine tuning is of order y2m2/(16π2M2).

There is no obvious symmetry or principle that makes the scalar naturally light in

this model.

2.5 Fine Tuning Versus Quadratic Divergences

We see that we must fine-tune parameters whenever the low-energy effective La-

grangian contains a relevant operator that cannot be forbidden by symmetries. The

naturalness problem for scalar mass parameters is often said to be a consequence of

the fact that scalar mass parameters are quadratically divergent in the UV. We have

emphasized above that the fine-tuning can be formulated in terms of renormalized

quantities, and has nothing to do with the regulator used. (In particular, we have

seen in the example above that fine tuning can be present in dimensional regulariza-

tion, where there are no quadratic divergences.) The naturalness problem is simply

the fact that relevant operators that are not forbidden by symmetries are generally

sensitive to heavy physical thresholds in the theory.

Although fine-tuning can be formulated without reference to UV divergences, there

is a close connection that is worth commenting on. We can view a regulator for UV

divergences as a UV modification of the theory that makes it finite. The dependence

on the cutoff Λ can therefore be viewed as dependence on a new heavy threshold.

2.6 Fine Tuning Versus Small Parameters

Not all small parameters are finely tuned. We have seen in the first toy model

above that a small fermion mass is not fine tuned, because there is an additional

symmetry that results when the mass goes to zero. This automatically ensures that

the radiative corrections to the fermion mass are small. In this case, we say that the

small parameter is ‘protected by a symmetry.’

There is another general mechanism by which a parameter in an effective La-

grangian can be naturally small, and that is if two sectors of the theory completely

decouple as the parameter is taken to zero. As an example, consider a theory of two

real scalars with Lagrangian

L = 1
2
(∂φ1)

2 − 1
2
m2

1φ
2
1 + 1

2
(∂φ2)

2 − 1
2
m2

2φ
2
1 −

λ1

4!
φ4

1 −
λ2

4!
φ4

2 −
κ

4
φ2

1φ
2
2. (2.20)
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We have forbidden terms that with odd powers of the scalar fields with discrete

symmetries

φ1 7→ −φ1, φ2 7→ φ2, (2.21)

and

φ1 7→ φ1, φ2 7→ −φ2. (2.22)

This symmetry also forbids mixing terms of the form φ1φ2. If we take κ → 0, the

theory becomes the sum of two ‘superselection sectors,’ i.e. two theories that are not

coupled to each other. It is therefore natural to take κ ≪ λ1, λ2. It is also easy to

see that any radiative correction to the coupling κ is proportional to κ itself. In this

case, we say that the parameter κ is small because of an ‘approximate superselection

rule.’

Approximate superselection rules explain why it is natural for the electromagnetic

coupling to be weaker than the strong coupling. If we take the electromagnetic

coupling to zero, the theory splits into superselection sectors, consisting of QCD and

a free photon. Approximate superselection rules also explain why it is natural for

gravity to be much weaker than the standard model gauge interactions.1

2.7 To Tune or Not to Tune?

Is fine tuning really a problem? If we want to explain the effective couplings of the

standard model in terms of a more fundamental underlying theory, then it is at least

disturbing that the underlying couplings must be adjusted to fantastic accuracy in

order to reproduce even the qualitative features of the low-energy theory. A fine

tuned theory is like finding a pencil balancing on its tip: it is possible that it arises

by accident, but one suspects that there is a stabilizing force.

Recently, the possibility that the standard model may be fine tuned has received

renewed attention, motivated in part by the fact that there is another grave natural-

ness problem: the cosmological constant problem. In general relativity, there is an

additional relevant operator that must be added to the Lagrangian, namely the unit

operator:

∆Lcc = −Λ4. (2.23)

1Gravity couples to all forms of matter with universal strength, and therefore sets the ultimate

limit on how decoupled two approximate superselection sectors can be.
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This can be thought of as a constant vacuum energy, which is not observable in the

absence of gravity. In the presence of gravity, Eq. (2.23) is covariantized to

∆Lcc = −
√

det(gµν) Λ4, (2.24)

where gµν is the metric field. This coupling means that vacuum energy couples to

gravity. The term Eq. (2.23) gives rise to the infamous cosmological constant term

in Einstein’s equations, which gives rise to a nonzero spacetime curvature at a length

scale

L ∼ MP

Λ2
. (2.25)

In order to explain the present universe, L must be at least of order the size of

the present Hubble horizon, LHubble ∼ 1032 cm ∼ 10−42 GeV−1. This requires Λ <∼
10−3 eV.

This is an enormous problem, because loops of particles with mass M give rise to

a correction to the vacuum energy of order

∆L ∼ 1

16π2
M4. (2.26)

For M ∼ MZ ∼ 100 GeV, this is too large by 54 orders of magnitude! No one has

ever found a symmetry that can cancel this contribution to the required accuracy.

This problem has prompted some physicists to consider the possibility that there

could be a kind of anthropic selection process at work in nature. The idea is that there

are in some sense many universes with different values of the effective couplings, and

we live in one of the few that are compatible with our existence. If the cosmological

constant were much larger than Λ ∼ 10−3 eV, then structure could not form in the

universe [1]. The fact that cosmological observations favor a value of the cosmological

constant in this range has given added impetus to this line of thinking. Also, string

theory appears to have a large number of possible ground states, as required for

anthropic considerations to operate. For recent discussions, see e.g. Refs. [2].

There is another possibility to save naturalness as we know it, advocated in Ref. [3].

The point is that although we have tested the standard model to energies of order

100 GeV, we have only tested gravity to a much lower energy scale, or much longer

distances. The shortest distances probed in present-day gravitational force experi-

ments are presently of order 0.1 mm, corresponding to an energy scale of 10−3 eV.

If we assume that new gravitational physics comes in at the 0.1 mm scale, the small

value of the cosmological constant may be natural. Note that this approach also pre-

dicts that the cosmological constant should be nonzero and close to its experimental
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value. The difficulty with this approach is that it is not known how to modify Einstein

gravity in a consistent way to cut off the contributions to the cosmological constant.

However, given our ignorance of UV completions of gravity, we should perhaps keep

an open mind. See Ref. [4] for a recent idea along these lines.

These are interesting ideas, and worth pursuing. But in these lectures I will

assume that naturalness is a good guide to non-gravitational physics at least.

3 Model-building Boot Camp

We are now ready to start building effective field theory models. If we believe in the

naturalness principle articulated in the previous section, then the models should be

defined by specifying the particle content and the symmetries of the theory. Then we

should write down all possible couplings consistent with the symmetries.

3.1 The Standard Model

Let us apply these ideas to the standard model. The standard model is defined to be

a theory with gauge group

SU(3)C × SU(2)W × U(1)Y . (3.1)

The fermions of the standard model can be written in terms of 2-component Weyl

spinor fields as2

Qi ∼ (3, 2)+ 1

6

,

(uc)i ∼ (3̄, 1)− 2

3

,

(dc)i ∼ (3̄, 1)+ 1

3

,

Li ∼ (1, 2)− 1

2

,

(ec)i ∼ (1, 1)+1,

(3.2)

where i = 1, 2, 3 is a generation index. In addition, the model contains a single scalar

multiplet

H ∼ (1, 2)+ 1

2

. (3.3)

2We use the spinor conventions of Wess and Bagger [5], which have become conventional in the

SUSY literature. See e.g. Ref. [6] for a pedagogical introduction.
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According to the ideas above, we must now write the most general interactions

allowed by the symmetries. The most important interactions are the marginal and

relevant ones. The marginal interactions include kinetic terms for the Higgs field, the

fermion fields, and the gauge fields:

Lkinetic = (DµH)†DµH +Q†
i iσ̃

µDµQi + · · · − 1
4
BµνBµν + · · · (3.4)

Note that these include the gauge self interactions. Also marginal is the quartic

interaction for the Higgs

∆Lquartic = −λ
4
(H†H)2 (3.5)

and Yukawa interactions:

∆LYukawa = (yu)ijQ
iH(uc)j + (yd)ijQ

iH†(dc)j + (ye)ijL
iH†(ec)j . (3.6)

Note that the Yukawa interactions are the only interactions that break a SU(3)5

global symmetry that would otherwise act on the generation indices of the fermion

fields. This means that the Yukawa interactions can be naturally small without any

fine tuning. This is reassuring, since it means that the small electron Yukawa coupling

ye ∼ 10−5 is perfectly natural.

Finally, the marginal interactions include ‘vacuum angle’ terms for each of the

gauge groups:

Lvacuum angle =
g2
1Θ1

16π2
B̃µνBµν +

g2
2Θ2

8π2
tr(W̃ µνWµν) +

g2
3Θ3

8π2
tr(G̃µνGµν), (3.7)

where B̃µν = 1
4
ǫµνρσBρσ, etc. These terms break CP , and are therefore very interest-

ing. These terms are total derivatives, e.g.

B̃µνBµν = ∂µKµ, Kµ = 1
2
ǫµνρσAνFρσ. (3.8)

This is enough to ensure that they do not give physical effects to all orders in pertur-

bation theory. They can give non-perturbative effects with parametric dependence

∼ e1/g2

, but these are completely negligible for the SU(2)W ×U(1)Y terms, since these

gauge couplings are never strong. The strong vacuum angle gives rise to CP -violating

non-perturbative effects in QCD, most importantly the electric dipole moment of

the neutron. Experimental bounds on the neutron electric dipole moment require

Θ3 <∼ 1010. Explaining this small number is the ‘strong CP problem.’ There are a

number of proposals to solve the strong CP problem. For example, there may be

a spontaneously broken Peccei-Quinn symmetry [7] leading to an axion [8], or there
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may be special flavor structure at high scales that ensures that the determinant of

the quark masses is real [9].

There is one relevant interaction that is allowed, namely a mass term for the Higgs

field:

Lrelevant = −m2
HH

†H. (3.9)

Note that mass terms for the fermions such as Lec are not gauge singlets, and therefore

forbidden by gauge symmetry. The Higgs mass parameter cannot be forbidden by any

obvious symmetry, and therefore must be fine tuned in order to be light compared

to heavy thresholds such as the GUT scale. For example, in GUT models there

are massive gauge bosons with masses of order MGUT that couple to the Higgs with

strength g, where g is the unified gauge coupling. These will contribute to the effective

Higgs mass below the GUT scale

∆m2
H ∼ g2M2

GUT

16π2
∼ 1030 GeV2 (3.10)

for MGUT ∼ 1016 GeV. In order to get a Higgs mass of order 100 GeV we must fine

tune to one part in 1026!

We can turn this around and ask what is the largest mass threshold that is nat-

urally compatible with the existence of a light Higgs boson. The top quark couples

to the Higgs with coupling strength yt ∼ 1, and top quark loops give a quadratically

divergent contribution to the Higgs mass. Assuming that this is cut off by a new

threshold at the scale M , we find a contribution to the Higgs mass of order

∆m2
H ∼ y2

tM
2

16π2
, (3.11)

which is naturally small for M <∼ 1 TeV. We get a similar estimate for M from

loops involving SU(2) × U(1) gauge bosons. So the standard model is natural as

an effective field theory only if there is new physics at or below a TeV. This is the

principal motivation for the Large Hadron Collider (LHC) at CERN, which will start

operation in 2007-2008 with a center of mass energy of 14 TeV. It is expected that

the LHC will discover the mechanism of electroweak symmetry breaking and the new

physics that makes it natural.

3.2 The GIM Mechanism

One very important feature of the standard model is that it violates flavor in just the

right way. The quark mass matrices are proportional to the up-type and down-type
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Yukawa couplings. Diagonalizing the quark mass matrices requires that we perform

independent unitary transformations on the two components of the quark doublet Qi.

This gives rise to the CKM mixing matrix, which appears in the interactions of the

mass eigenstate quarks with the W± (‘charged currents’). Crucially, the interactions

with the photon and the Z (‘neutral currents’) are automatically diagonal in the mass

basis. This naturally explains the phenomenology of flavor-changing decays observed

in nature, including the ‘GIM suppression’ of flavor changing neutral current processes

such as K0–K̄0 mixing.

For our purposes, what is important is that this comes about because the quark

Yukawa couplings are the only source of flavor violation in the standard model. If

there were other couplings that violated quark flavor, these would not naturally be

diagonal in the same basis that diagonalized the quark masses, and would in general

lead to additional flavor violation. A simple example of this is a general model with

2 Higgs doublets, in which there are twice as many Yukawa coupling matrices.

3.3 Accidental Symmetries

It is noteworthy that the standard model was completely defined by its particle con-

tent gauge symmetries. In particular, we did not have to impose any additional

symmetries to suppress unwanted interactions. If we look back at the terms we wrote

down, we see that all of the relevant and marginal interactions are actually invariant

under some additional global symmetries. One of these is baryon number, a U(1)

symmetry with charges

B(Q) = 1
3
, B(uc) = B(dc) = −1

3
, B(L) = B(ec) = B(H) = 0. (3.12)

Another symmetry is lepton number, another U(1) symmetry with charges

L(Q) = L(uc) = L(dc) = 0, L(L) = +1, L(ec) = −1, L(H) = 0. (3.13)

These symmetries can be broken by higher-dimension operators. For example, the

lowest-dimension operators that violate baryon number are dimension 6:

∆L ∼ 1

M2
QQQL +

1

M2
ucucdcec, (3.14)

where the color indices are contracted using the SU(3)C invariant antisymmetric

tensor. Consistency with the experimental limit on the proton lifetime of 1033 yr gives

a boundM >∼ 1022 GeV. Although this is larger than the Planck mass, these couplings

also violate flavor symmetries, and it seems reasonable that whatever explains the

small values of the light Yukawa couplings can suppresses these operators.
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A very appealing consequence of this is that if the standard model is valid up to a

high scale M , then the proton is automatically long-lived, without having to assume

that baryon number is an exact or approximate symmetry of the fundamental theory.

Baryon number emerges as an ‘accidental symmetry’ in the sense that the other

symmetries of the model (in this case gauge symmetries) do not allow any relevant

or marginal interactions that violate the symmetry.

3.4 Neutrino Masses

Lepton number can be violated by the dimension 5 operator

∆L ∼ 1

M
(LH)(LH). (3.15)

When the Higgs gets a VEV, these gives rise to Majorana masses for the neutrinos

of order

mν ∼ v2

M
. (3.16)

In order to get neutrino masses in the interesting range mν ∼ 10−2 eV for solar

and atmospheric neutrino mixing, we require M ∼ 1015 GeV, remarkably close to

the GUT scale. The interaction Eq. (3.15) also has a nontrivial flavor structure,

so the actual scale of new physics depends on the nature of flavor violation in the

fundamental theory, like the baryon number violating interactions considered above.

The experimental discovery of neutrino masses has been heralded as the discovery

of physics beyond the standard model, but it can also be viewed as a triumph of

the standard model. The standard model predicts that neutrino masses (if present)

are naturally small, since they can only arise from an irrelevant operator. We can

view the discovery of neutrino masses as evidence for the existence of a new scale in

physics. This is analogous to the discovery of weak β decay, which can be described

by an effective 4-fermion interaction with coupling strength GF ∼ 1/(100 GeV)2.

(Therefore, Fermi was doing effective quantum field theory in the 1930’s!)

3.5 Extending the Standard Model

The steps in constructing an extension of the standard model are the same ones we

followed in constructing the standard model above. The model should be defined by

its particle content and symmetries. We then write down all couplings allowed by

these principles. The goal is to find an extension of the standard model that cures

the naturalness problem, but preserves the successes of the standard model described

above.
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4 The Minimal Supersymmetric Standard Model

We now apply the ideas of the previous section to constructing a supersymmetric

extension of the standard model. The motivation for this is that supersymmetry can

naturally explain why a scalar is light. This because unbroken SUSY fixes scalar

and fermion masses to be the same. Since fermion masses can be protected by chiral

symmetries, the same chiral symmetries will also protect the masses of the scalar

superpartners.

4.1 Superfields and Couplings

To construct a supersymmetric extension of the standard model, we simply embed all

fermions of the standard model into chiral superfields, and all gauge fields into vector

superfields. The chiral superfields are therefore

Qi ∼ (3, 2)+ 1

6

,

(U c)i ∼ (3̄, 1)− 2

3

,

(Dc)i ∼ (3̄, 1)+ 1

3

,

Li ∼ (1, 2)− 1

2

,

(Ec)i ∼ (1, 1)+1,

(4.1)

where i = 1, 2, 3 is a generation index. The Higgs scalar fields are also in chiral

superfields. If there is a single Higgs multiplet, the fermionic partners of the Higgs

scalars will give rise to gauge anomalies. The minimual model is therefore one with

two Higgs chiral superfields with conjugate quantum numbers

Hu ∼ (1, 2)+ 1

2

,

Hd ∼ (1, 2)− 1

2

.
(4.2)

The next step is to write the most general allowed couplings between these fields.

Let us begin with the relevant interactions. These are

∆Lrelevant =
∫

d2θ
[

µHuHd + κiL
iHu

]

+ h.c. (4.3)

where µ and κi have dimensions of mass. Right away, we have some explaining to do.

We see that SUSY allows us to write a supersymmetric mass for the Higgs, as well

as a term that mixes the Higgs with the lepton doublets. (Note that L and Hd have
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the same gauge quantum numbers, so the distinction between them is only a naming

convention up to now.) The terms κi can be forbidden by lepton number symmetry,

defined by

L(Q) = L(U c) = L(Dc) = 0, L(L) = +1, L(Ec) = −1,

L(Hu) = L(Hd) = 0.
(4.4)

The ‘µ term’ can be forbidden by a U(1) ‘Peccei-Quinn’3 symmetry with charges

P (Hu) = P (Hd) = +1,

P (Q) = P (U c) = P (Dc) = P (L) = P (Ec) = −1
2
.

(4.5)

There are many other symmetries that we could invent to control these terms. The

motivation for the particular symmetries given here is that they are not violated by

Yukawa interactions (see below). The important point is that the relevant terms in

Eq. (4.3) can be naturally zero or small due to additional symmetries.

The marginal interactions include kinetic terms for all the gauge and chiral su-

perfields, which we write schematically as

Lkinetic ∼
∫

d4θ
[

Q†
ie

VQi + · · ·
]

+
(∫

d2θW αWα + · · ·+ h.c.
)

. (4.6)

Note that the kinetic terms have been chosen to be diagonal in the flavor indices. It

also includes the Yukawa couplings

LYukawa =
∫

d2θ
[

(yU)ijQ
iiHu(U

c)j + (yD)ijQ
iHd(D

c)j

+ (yE)ijL
iHd(E

c)j
]

+ h.c.

(4.7)

Note that the Yukawa couplings are invariant under both the lepton number sym-

metry Eq. (4.4) and the Peccei-Quinn symmetry Eq. (4.5). There are also additional

Yukawa-like interactions

Ldangerous =
∫

d2θ
[

(λLQD)ijkL
iQj(Dc)k + (λLLE)ijkL

iLj(Ec)k

+ (λUDD)ijk(U
c)i(Dc)j(Dc)k

]

+ h.c.

(4.8)

Once again, we have some explaining to do. These couplings violate lepton and baryon

number symmetries, and therefore give rise to proton decay and other processes that

3A similar symmetry plays a role in the solution of the strong CP problem by axions, as first

discussed by Peccei and Quinn.
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are not observed unless these couplings are small. The couplings λLQD and λLLE

violate lepton number, and λLQD and λUDD violate baryon number, defined by

B(Q) = +1
3
, B(U c) = B(Dc) = −1

3
,

B(L) = B(Ec) = B(Hu) = B(Hd) = 0.
(4.9)

Imposing these symmetries therefore suppresses these terms.

4.2 R Parity

Another type of possible symmetry in SUSY theories acts differently on different com-

ponents of the same supermultiplet. For example, we can define a U(1)R symmetry

acting on chiral and vector superfields as

Φ(θ) 7→ eiRΦαΦ(θe−iα), V (θ) 7→ V (θe−iα), (4.10)

where RΦ is the ‘R charge’ of the chiral superfield Φ. From this definition, we see

that the R charges of the scalar and fermion fields in Φ are

R(φ) = RΦ, R(ψ) = RΦ − 1, (4.11)

while the R charge of a gaugino field is +1. In order for a supersymmetric Lagrangian

L =
∫

d4θ K +
(∫

d2θW + h.c.
)

(4.12)

to be invariant, we require R(K) = 0 and R(W ) = +2.

Note that if we define a U(1)R transformation in the MSSM where all chiral

superfields have R = 1
3
, this is automatically preserved by all renormalizable couplings

except the µ term.

Another R symmetry in the MSSM is a discrete symmetry called ‘R parity.’ It

can be defined by

Φ(θ) 7→ ±Φ(−θ), (4.13)

where the sign is −1 for Q, U c, Dc, L, and Ec, and +1 for Hu, Hd. The idea is that

the observed matter fermions have R parity +1, while their scalar partners have R

parity −1. Note that the gauginos also have R parity −1, so all superpartners have

odd R parity.

R parity ensures that superpartners are produced in pairs, and that the lightest

R parity odd particle is absolutely stable. R parity is sufficient to forbid all of the
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dangerous relevant and marginal interactions in Eqs. (4.3) and (4.8). (In fact, the

couplings in Eq. (4.8) are often called ‘R parity violating operators.’) Conversely, if

these operators are forbidden by another symmetry, such as B and L conservation,

then R parity emerges as an accidental symmetry. Unbroken R parity is often taken

as part of the definition of the MSSM, but it is worth keeping in mind that R parity

may only be an accidental and/or approximate symmetry.

Note that unlike the standard model, the MSSM requires that we impose certain

exact or approximate global symmetries in addition to the gauge symmetries and

particle content. In this sense, we have given up the attractive automatic explanation

of the suppression of baryon and lepton number violation in the standard model.

5 Soft SUSY Breaking

We now begin our discussion of supersymmetry breaking. It is obvious that the world

is not exactly supersymmetric, since SUSY predicts the existence of superpartners

with the same mass and quantum numbers as existing particles. Once SUSY is

broken the masses of the superpartners can be different from the observed particles,

and must be larger than 100 GeV or so to have avoided detection in accelerator

experiments performed so far. As we have already seen above, new physics at or

below TeV is required in any solution of the naturalness problem. In SUSY the new

physics is superpartners, and therefore these must be at or below the TeV scale,

and can be discovered at LHC. If superpartners are discovered, the most important

question in particle physics will be to understand the pattern of SUSY breaking. It is

no exaggeration to say that SUSY phenomenology is SUSY breaking phenomenology.

A simple way to break SUSY is to break it explicitly in the effective Lagrangian.

If we do this, we would like to ensure that the breaking terms do not introduce

power-law sensitivity to heavy thresholds (i.e. ‘quadratic divergences’), which must

be canceled by fine-tuning. SUSY breaking terms with this feature are called ‘soft

breaking terms.’ This way of breaking SUSY may be ad hoc, but it does realize the

goal of constructing a natural extension of the standard model. Also, we will see

below that if SUSY is spontaneously broken at high scales, the effective theory below

the SUSY breaking scale is a softly broken SUSY theory.

5.1 Coupling Constants as Superfields

To discuss soft breaking we will use a tool that will be very useful to us throughout

these lectures. This is the idea of coupling constants as superfields. Note that if a
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superfield Φ has a nonzero value 〈Φ〉, it does not break SUSY as long as

Qα〈Φ〉 = Q̄α̇〈Φ〉 = 0, (5.1)

where

Qα =
∂

∂θα
− iσµ

αα̇θ̄
α̇∂µ (5.2)

is the SUSY generator. In particular, a constant nonzero value of the lowest com-

ponent of a superfield does not break SUSY. We can therefore view the coupling

constants that appear in a SUSY theory as superfields with only their lowest compo-

nents nonzero. For example, in the Wess-Zumino model

L =
∫

d4θ ZΦ†Φ +
[∫

d2θ
(

1
2
MΦ2 + 1

6
λΦ3

)

+ h.c.
]

, (5.3)

we can view Z = Z† as a real superfield and M and λ as chiral superfields.

5.2 Superfield Couplings in Perturbation Theory

This simple idea is very useful for understanding the structure of loop corrections.

For example, in the model defined by Eq. (5.3) the 1PI effective action at one loop

contains the divergent term

∆Γ1PI =
∫

d4θ Z

[

1 +
λ̂2

26π2
ln

Λ

µ
+ finite

]

, (5.4)

where

λ̂ =
λ

Z3/2
(5.5)

is the physical Yukawa coupling. By direct calculation, we find that there are no

further divergences at one loop. In particular there are no corrections to the super-

potential, even though these are allowed by dimensional analysis. The absence of

corrections to the superpotential holds to all orders in perturbation theory. We now

show that this can be understood very easily if we view the couplings as superfields.

Note that a one-loop correction the superpotential in the 1PI effective action would

have the form

∆Γ1PI =
∫

d2θ
cλ3

16π2
ln

Λ

µ
+ h.c. (5.6)

Note that we treat λ as a chiral superfield, and therefore λ† cannot appear in the 1PI

superpotential. That is, the superpotential must be a holomorphic function of the
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couplings as well as the chiral superfields. For this argument, it is important that

the couplings can be treated as superfields even in the fully regulated theory. In this

theory, this can be easily done by using a higher derivative regulator:

L =
∫

d4θ ZΦ†

(

1 +
Λ2

)

Φ + · · · , (5.7)

where the cutoff Λ is a real superfield. For example, the scalar propagator is modified

i

p2
→ i

p2 − p4/Λ2
. (5.8)

This makes loops of Q̂ fields UV convergent.4 Because Λ is a real superfield, it

cannot appear in the superpotential, immediately ruling out divergent corrections

like Eq. (5.6).

What about finite contributions? This holomorphy of the superpotential allows

us to easily show that these are also absent to all orders in perturbation theory. We

consider a U(1) × U(1)R symmetry with charges given below:

U(1) U(1)R

Φ +1 0

M −2 2

λ −3 2

(5.9)

Note that we are treating the couplings as spurions that transform nontrivially under

these symmetries. The most general 1PI superpotential is therefore a function of the

neutral (and dimensionless) ratio λΦ3/MΦ2:

∆Γ1PI =
∫

d2θMΦ2f

(

λΦ

M

)

+ h.c. (5.10)

Expanding this in powers of λ we obtain

∆Γ1PI ∼
∫

d2θ

[

M2

λ
Φ +MΦ2 + λΦ3 +

λ2

M
Φ4 + · · ·

]

+ h.c. (5.11)

Only the Φ2 and Φ3 terms can be present, since the higher order terms are singular in

the limit λ→ 0 or M → 0. The conclusion is that the superpotential is not corrected

in this theory.

4This regulator also introduces a ghost, i.e. a state with wrong-sign kinetic term at p2 = Λ2.

However, this decouples when we take the limit Λ → ∞ and does not cause any difficulties.
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We can use the non-renormalization of the superpotential to understand the struc-

ture of the renormalization group (RG) equations for this theory. Since there is only

wavefunction renormalization, the physical couplings

λ̂ =
λ

Z3/2
, M̂ =

M

Z
, (5.12)

run only because of the running of Z. We therefore have (exactly)

µ
dλ̂

dµ
= −3

2
γλphys, µ

dM̂

dµ
= −γM̂. (5.13)

Demanding that the one loop 1PI effective action Eq. (5.4) is independent of µ, we

obtain the anomalous dimension

γ = µ
d lnZ

dµ
= − |λ̂|2

16π2
(5.14)

which summarizes the renormalization of the theory.

5.3 Soft SUSY Breaking from Superfield Couplings

We can include SUSY breaking terms in the Lagrangian by allowing the superfield

couplings to have nonzero higher components. For example, the Wess-Zumino model

above, we can write

Z → 1 + (θ2B + h.c.) + θ2θ̄2C,

M →M + θ2FM ,

λ→ λ+ θ2Fλ.

(5.15)

Working out the potential by integrating out the auxiliary fields, we find

V = VSUSY +m2φ†φ+
[

1
2
AMφ

2 + 1
6
Aλφ

3 + h.c.
]

, (5.16)

where

VSUSY =
∣

∣

∣Mφ + 1
2
λφ2

∣

∣

∣

2
(5.17)

is the supersymmetric potential, and

m2 = −C + |B|2 = −[lnZ]θ2θ̄2 ,

AM = −2(FM − BM) = −2[M̂ ]θ2 ,

Aλ = −2(Fλ − 3
2
Bλ) = −2[λ̂]θ2 ,

(5.18)
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where M̂ = M/Z is the physical mass.

Now let us consider the divergence structure of this theory including the SUSY

breaking terms. The analysis in the previous subsection showed that in the super-

symmetric case, the only divergence is in the wavefunction renormalization, given

to one loop by Eq. (5.4). When we turn on higher components of the superfield

couplings, this divergent contribution is given by the same expression, but now it

contains SUSY breaking from the superfield couplings. We see that the renormaliza-

tion of SUSY breaking terms that can be written as higher components of superfield

couplings is completely fixed by the renormalization of the couplings in the SUSY

limit. We will explore the consequences of this in the following subsections.

Are there any additional divergences in the presence of SUSY breaking that are

not present in the SUSY limit? These can arise from couplings that vanish identically

in the SUSY limit. We can get such couplings by taking the total superspace integral

of a chiral quantity:

∆Γ1PI =
∫

d4θ
[

α1Φ + 1
2
α2Φ

2
]

+ h.c. (5.19)

The couplings α1 and α2 are renormalizable by power counting, but are total deriva-

tives if α1 and α2 have only the lowest component nonvanishing (which is why we

did not include them in the original Lagrangian). However, if α1 and α2 depend on

superfield couplings with higher components, they can have nontrivial effects. For

example,

∫

d4θ α1Φ = [α1]θ2θ̄2φ+ · · · . (5.20)

As above, we can understand the possible counterterms by considering the U(1)

and U(1)R symmetries defined in Eq. (5.9). Under these, the couplings α1 and α2

transform as

U(1) U(1)R

α1 −1 0

α2 −2 0

(5.21)

From these symmetries, we can see that the diagram
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allows a logarithmically divergent contribution

α1 ∼
λM †

16π2
ln

Λ

µ
. (5.22)

Note that a counterterm of the form α1 is allowed only if the field Φ is a singlet. The

following exercise illustrates the danger of this kind of divergence.

Exercise 2: Consider a model of two superfields S and X with Lagrangian

L =
∫

d4θ
[

ZSS
†S + ZXX

†X
]

+
∫

d2θ
(

1
2
λSX2 + 1

2
MX2

)

+ h.c.

(5.23)

Show that in the SUSY limit 〈X〉 = 0 while 〈S〉 is undetermined. The theory

therefore has a space of vacua parameterized by S. Now break SUSY by turn-

ing on soft masses m2
S, m

2
X ≪ |M |2. Show that the loop corrections destabilize

the vacuum at 〈S〉 = 0 and force

〈S〉 ∼ −M
λ
. (5.24)

Similar reasoning shows that

α2 ∼
(λM †)2

16π2M †M
= finite (5.25)

because there cannot be a UV divergence that is singular in the limit M → 0.

Another kind of term that can appear in the effective Lagrangian once SUSY is

broken involves higher SUSY derivatives of the superfield couplings, such as

D2λ = −4Fλ, D̄2D2Z = 16C. (5.26)

However, it is not hard to check that all such terms have positive mass dimension,

and therefore cannot be UV divergent by simple power counting.

Exercise 3: Carry out an operator analysis to show that there are no addi-

tional divergent counterterms involving SUSY derivatives of the couplings in

the Wess-Zumino model above. Note that D̄α̇ vanishes on chiral superfields,

and that D̄2X is chiral for any superfield X.
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We conclude that in the model Eq. (5.3) all SUSY breaking terms that can be

parameterized by a nonzero higher component of coupling constant superfields are

soft, in the sense that they do not lead to any quadratic divergences. Our argument

has been rather abstract, and it is worth pointing out how the the absence of quadratic

divergences comes about in explicit calculations. In component calculations, the

quadratic divergences cancel between graphs involving loops of fermions and bosons.

For example, the contributions to the counterterm for the scalar mass term in the

model defined by Eq. (5.3) are given in Fig. 1. We obtain (after analytic continuation

to Euclidean momenta)

∆m2
boson loop = +|λ|2

∫ d4kE

(2π)4

1

k2
E + (|M |2 +m2)

,

∆m2
fermion loop = −1

2
|λ|2

∫

d4kE

(2π)4

tr 1

k2
E + |M |2 ,

(5.27)

where tr 1 = 2 is the trace over the Weyl fermion indices. We see that the quadrati-

cally divergent part cancels.

Exercise 4: Check the signs and combinatoric factors in Eq. (5.27).

The superfield analysis can be easily extended to include gauge fields. To fix our

superfield conventions, we write a U(1) gauge superfield as

V = V † = · · · − 2θσµθ̄Aµ + · · · + θ2θ̄2D (5.28)

and write the field strength as

Wα = −1
4
D̄2DαV. (5.29)

We then have
∫

d2θW αWα = −2F µνFµν + · · ·+ 4D2 (5.30)

and
∫

d4θΦ†eV Φ = (Dµφ)†Dµφ+ φ†Dφ+ · · · , (5.31)

where φ is the scalar component of the chiral superfield Φ, and

Dµ = ∂µ − iAµ. (5.32)
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We therefore write the action of scalar QED as

L =
∫

d4θ Z
[

Φ†eV Φ + Φ̃†e−V Φ̃
]

+
∫

d2θ
τ

8
W αWα + h.c.,

(5.33)

where

τ =
1

2g2
− iΘ

16π2
− θ2mλ

g2
(5.34)

is a chiral superfield that contains the gauge coupling g, vacuum angle Θ, and gaugino

mass mλ. The gauge kinetic term is

∫

d2θ
τ

8
W αWα + h.c. = − 1

4g2
F µνFµν + · · · , (5.35)

so the canonically normalized gauge field is

Âµ = gAµ. (5.36)

A general renormalizable SUSY theory can be written in superfields as

L =
∫

d4θ Q†
a

(

ZeVATA

)a

bQ
b

+
∫

d2θ
τA
8
W α

AWαA + h.c.

+
∫

d2θW (Q) + h.c.,

(5.37)

where a, b, . . . are field indices (including both gauge and flavor indices), A,B, . . . are

gauge generator indices, and the superpotential W is a cubic function of the fields.

W = κaQ
a + 1

2
MabQ

aQb + 1
6
λabcQ

aQbQc. (5.38)

Exercise 5: Check that the D term potential in the general theory above is

given by (for Z = 1)

VD =
∑

A

g2
A

2
(Q†TAQ)2 (5.39)
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Using the same arguments as above, we can see that turning on nonzero higher com-

ponents of these fields breaks SUSY softly, in the sense that there are no quadratic

divergences in the theory. If there are singlets, then there may be logarithmic diver-

gences of the type found in Eq. (5.20) that may destabilize the desired vacuum.

Is this the most general soft SUSY breaking? We can answer this question by

again using higher components of superfield couplings to break SUSY. Any term that

breaks SUSY can be written in this way. Consider for example the term

∆L =
∫

d4θ ζDαΦiσµ
αα̇∂µD̄

α̇Φ = 2i[ζ ]θ2θ̄2ψαiσµ
αα̇∂µψ̄

α̇ + · · · (5.40)

changes the coefficient of the fermion kinetic term relative to the scalar kinetic term,

and therefore gives rise to SUSY breaking perturbations in the physical couplings of

the canonically normalized fermion relative to the scalar. The superfield coupling ζ

has mass dimension −2, and at one loop we find divergent contributions of the form

∆Γ1PI ∼
∫

d4θ
ζ |λ|2
16π2

Λ2Φ†Φ ∼ |λ|2[ζ ]θ2θ̄2

16π2
Λ2φ†φ+ · · · . (5.41)

We see that this gives rise to a quadratically divergent contribution to the scalar

mass. In terms of diagrams, the couplings of the scalar and fermion in Eq. (5.27) are

no longer equal, and the quadratic divergences no longer cancel.

A more subtle example is

∆L =
∫

d4θ 1
2
CΦ†Φ2 + h.c. = 1

2
[C]θ2θ̄2φ†φ2 + h.c. + · · · . (5.42)

The superfield coupling C has mass dimension −1, and at one loop we find divergent

contributions of the form

∆Γ1PI ∼
∫

d4θ
C

16π2
Λ2Φ + h.c. ∼ [C]θ2θ̄2

16π2
Λ2φ+ h.c. + · · · . (5.43)

We see that this term is not soft in general. However, the quadratic divergence

Eq. (5.43) is absent if there are no singlets in the theory, so that the tadpole is not

allowed. For example, a term of the form

∆L =
∫

d4θ 1
2
CΦ†

1Φ
2
2 + h.c. (5.44)

is soft if there is a U(1) symmetry with charges Q(Φ1) = 2Q(Φ2). Although SUSY

breaking terms of the form Eq. (5.42) are soft, they are usually neglected. We will

see that they are not naturally generated in the more fundamental theories of SUSY

breaking that we consider.

The result is therefore that the most general soft SUSY breaking terms are pre-

cisely those that can be written as higher components of superfield couplings in the

Lagrangian, plus possible ‘C’ terms. of the form Eq. (5.42).

27



5.4 Renormalization Group Equations for Soft SUSY Breaking

The fact that the divergences in this theory are controlled completely by the diver-

gences in the SUSY limit gives rise to nontrivial relations between the renormalization

of SUSY and SUSY breaking couplings. For example, the soft scalar mass is given by

m2 = −[lnZ]θ2θ̄2 . (5.45)

Exercise 6: Check that this formula is correct, even for the case where the

lowest component of Z is nonzero.

Therefore,

µ
dm2

dµ
= −[γ]θ2θ̄2 (5.46)

=
1

16π2

[

|λ|2
Z3

]

θ2θ̄2

+ · · · (5.47)

=
1

16π2

(

|Aλ|2 + 3m2
)

+ · · · (5.48)

where

Aλ = −Fλ + 3Bλ

Z3/2
. (5.49)

We see that the RG equations for the SUSY breaking parameters are completely

determined in terms of the supersymmetric ones.

We can easily extend these results to gauge theories. The one loop renormalization

group equation for a U(1) gauge theory is

µ
dτ

dµ
= −trQ2

16π2
, (5.50)

where Q is the U(1) charge matrix of chiral superfields. For a non-abelian gauge

theory with gauge group SU(N) and F fundamentals, the one-loop beta function is

µ
dτ

dµ
=

3N − F

16π2
, (5.51)

Note that this immediately implies the RG equation for the gaugino mass

µ
d

dµ

(

mλ

g2

)

= 0. (5.52)
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There is a subtlety in the gauge coupling superfield beyond one loop. It is not

hard to see that the RG equation Eq. (5.51) for the gauge coupling superfield has

no corrections to all orders in perturbation theory. This follows from the fact that

τ is a chiral superfield, and therefore the beta function for τ must be a holomorphic

function of τ :

µ
dτ

dµ
= β(τ). (5.53)

The RG equation for the real part of τ must be independent of the vacuum angle Θ,

which is a total derivative and therefore irrelevant in perturbation theory:

∂β

∂ Im τ
= 0. (5.54)

But because β is holomorphic, this implies that

∂β

∂τ
= 0, (5.55)

i.e. β is a constant. (It can be similarly shown that β is independent of Yukawa

couplings by considering U(1) charges under which the Yukawa couplings are charged

spurions.) We conclude that holomorphy implies that the one-loop RG equation

Eq. (5.51) is in fact valid to all orders in perturbation theory.

This does not contradict the fact that the physical gauge coupling does run at

two loops and beyond because the physical gauge coupling differs from the gauge

coupling defined by Re(τ) beyond one loop. The gauge coupling defined by the lowest

component of τ is often called the holomorphic gauge coupling to distinguish it from

the physical gauge coupling. The physical gauge coupling is the lowest component of

a real superfield defined by

R = τ + τ † +
N

8π2
lnR− F

8π2
lnZ + O(1/R) (5.56)

where the terms of order 1/R and higher are scheme dependent and

R =
1

g2
phys

+

(

θ2mλ,phys

g2
phys

+ h.c.

)

+ · · · . (5.57)

Differentiating this expression, we obtain the famous expression for the beta function

first written down in Ref. [11]

µ
d

dµ

(

1

g2
phys

)

=
1

8π2

3N − F − Fγ

1 − N

8π2
g2
phys + O(g4

phys)
, (5.58)
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where

γ = µ
d lnZ

dµ
. (5.59)

For a complete discussion with many applications, see Ref. [10].

5.5 Soft SUSY Breaking in the MSSM

We now apply these results to the MSSM. We assume R parity (or equivalent symme-

try) so that the ‘R parity violating’ terms in Eq. (4.8) and the Hd–L mixing terms in

Eq. (4.3) are absent. The most general soft terms are as follows. There are gaugino

masses for the SU(3)C × SU(2)W × U(1)Y gauginos:

∆Lgaugino = −M1λ1λ1 −M2λ2λ2 −M3λ3λ3 + h.c. (5.60)

These can be thought of as arising from the θ2 component of the gauge coupling

superfield as in Eq. (5.34).5 There are scalar masses for all scalars that can be

thought of as arising from the θ2θ̄2 component of the kinetic coefficients:

∆Lscalar = −m2
HuH

†
uHu −m2

HdH
†
dHd

− (m2
Q̃
)i

jQ̃
†
i Q̃

j − (m2
Ũ
)i

jŨ
c†
i Ũ

cj + · · · .
(5.61)

Here we are using standard notation where the scalar components of matter fields

(those with even R parity) are denoted by a tilde, while the scalar components of the

Higgs superfields are given the same name as the superfield itself. There are also ‘A’

and ‘B’ terms that can be thought of as arising from higher components of superfield

couplings, or θ2 components of kinetic coefficients:

∆LB = −BµHuHd + h.c. (5.62)

∆LA = −(AU)ijQ̃
iHuŨ

cj + · · ·+ h.c. (5.63)

The names of these couplings have become traditional. Finally, there are cubic inter-

actions arising from the ‘C’ terms of the form Eq. (5.42):

∆Lβ = (CU)ijQ̃
iH†

dŨ
c† + · · · + h.c. (5.64)

These are soft because they do not involve singlet fields. These are usually neglected,

and we will see that they do not arise in any of the models of SUSY breaking that

we consider. For an interesting possible application of these terms, see Ref. [12].

5Beyond one loop, the physical gaugino mass is defined by the θ2 component of the real gauge

superfield Eq. (5.56). See Ref. [10].
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What is the status of the MSSM with general soft breaking terms? First of all, we

should note that there are enough terms allowed to give masses to all of the unobserved

superpartners. This is obvious for the gauginos and squarks and sleptons. For the

Higgs sector this requires some work. See e.g. the lectures by H. Haber at this school.

This must be counted as a success.

On the other hand, there are an enormous number of parameters in the theory

once SUSY is broken, about 100 even if we use our freedom to make field redefinitions

to reduce the number of independent parameters.

5.6 The SUSY Flavor Problem

To make matters worse, many of the soft SUSY breaking parameters have nontrivial

flavor structure. This means that they will in general give an additional source of

flavor mixing that is not diagonal in the basis where the quark masses are diagonal.

This is the SUSY flavor problem.

Because the new flavor violation must be small, the scalar masses must be domi-

nantly flavor-independent, e.g.

(m2
Q̃)i

j = m2
Q̃δ

i
j + (∆m2

Q̃)i
j , (5.65)

with ∆m2 ≪ m2. Also, the A terms must be dominantly proportional to the corre-

sponding Yukawa couplings, e.g.

(AU)ij = aU(yU)ij + (∆AU)ij , (5.66)

with ∆A≪ A.

The flavor-violating parts of the scalar masses and A terms are constrained to be

small by observational constraints on flavor-changing neutral current processes. The

most constraining process is K0–K̄0 mixing. In the standard model, this arises from

the famous box diagram

∼ g4

16π2
(VtsVtd)

2 m
2
t

M4
W

. (5.67)

In the MSSM, there are additional diagrams from squark loops. We can treat the

flavor-violating soft masses ∆m2 as insertions. This gives a new contribution from
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box diagrams involving superpartners, e.g.

∼ g4

16π2

(∆m2
s̃d̃

)2

m6
Q̃

. (5.68)

Because the standard model contribution does a good job in accounting for the ob-

served rate, we must demand that the SUSY contribution is not larger. This gives

the bound

∆m2
s̃d̃

m2
Q̃

<∼ mQ̃VtsVtd
1

MW
∼ 10−3

( mQ̃

500 GeV

)

. (5.69)

We see that the squark masses have to be very nearly flavor diagonal in order to avoid

flavor-changing processes that are much larger than what is observed. There are many

similar constraints coming from various processes. See Ref. [13] for a comprehensive

discussion.

Because flavor symmetry is broken in the Yukawa couplings, it cannot explain

why the squark masses are nearly diagonal. This is the SUSY flavor problem.

5.7 The µ Problem

In order to give the Higgsino a mass in the MSSM, we need a term of the form

∆L =
∫

d2θ µHuHd + h.c. (5.70)

If µ ≫ 100 GeV, the Higgs multiplet has a large supersymmetric mass and elec-

troweak symmetry cannot be broken. If µ ≪ 100 GeV the Higgsino is lighter than

M2
W/M2. The parameter µ must therefore be of order 100 GeV, that is, the same

size as the other SUSY breaking parameters. Explaining why the µ term is the same

size as the soft SUSY breaking parameters is the so-called ‘µ problem.’ Since µ con-

tributes to the mass term of the Higgs scalars, we cannot explain the weak scale

without explaining the origin of the µ term.

It is not easy to understand why µ is the same size as the soft SUSY breaking

parameters discussed above because it breaks a different set of symmetries. For

example, it does not break SUSY, but it does break the Peccei-Quinn symmetry

defined in Eq. (4.5).
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5.8 The SUSY CP Problem

Since the MSSM with SUSY breaking has many new parameters, it is not surprising

that there are new CP violating phases in the soft SUSY breaking parameters that

cannot be rotated away.

For example, there is a contribution to the strong CP phase from the phase of the

gluino mass:

ΘQCD = Θ3 − arg det(mu) + arg det(md) − 3 arg(M3). (5.71)

Here Θ3 is the coefficient of tr(F µνF̃µν) in the QCD Lagrangian, and the other terms

are the phases in the masses of strongly coupled fermions. Only the combination

ΘQCD is physically observable. Bounds on the neutron electric dipole moment require

ΘQCD <∼ 10−10. (5.72)

Explaining this small number is the ‘strong CP problem.’

The strong CP problem must be solved somehow, whether or not nature is su-

persymmetric. For example, there may be a spontaneously broken Peccei-Quinn

symmetry [7] leading to an axion [8], or there may be special flavor structure at high

scales that ensures that the determinant of the quark masses is real [9]. These mech-

anisms work just as well with or without SUSY, although in the latter case, we must

independently insure that the gluino mass does not have a phase that upsets the

mechanism. There is also an interesting proposal for solving the strong CP problem

that works only in SUSY models [15].

Phases in the squark masses can also give rise to electric dipole moments for

quarks and leptons. Demanding that the quark eletric dipole moments do not give

rise to a too-large neutron electric dipole gives the constraint

Im ∆m2
Q̃

m2
Q̃

<∼ 0.1
( mQ̃

500 GeV

)2

. (5.73)

Even if the SUSY breaking violates CP, this can be satisfied if the phases are acciden-

tally somewhat smaller than unity. There are several constraints that are similarly

strong. See Ref. [13] for a review.

The ‘SUSY CP problem’ is the problem of explaining why these phases are small.

It does not involve very large or small numbers, and is therefore not clearly a serious

problem.

33



5.9 The SUSY Fine-Tuning Problem

In the MSSM the Higgs potential is constrained by softly broken SUSY to have the

form

VHiggs = (m2
Hu + |µ|2)|Hu|2(m2

Hd + |µ|2)|Hd|2 − Bµ(HuHd + h.c.)

+ 1
8
(g2

1 + g2
2)(|Hu|2 − |Hd|2)2 + 1

2
g2
2|H†

uHd|2.
(5.74)

In particular, the quartic terms are completely determined, since they arise entirely

from the D term potential from the SU(2)W × U(1)Y gauge multiplet.

Even though the quadratic terms are free parameters, we obtain an upper bound

on the physical Higgs masses. The basic reason is that the Higgs potential has the

form

VHiggs ∼ m2
HH

2 + g2H4, (5.75)

so the Higgs VEV is determined to be

v ∼ 〈H〉 ∼ mH

g
. (5.76)

This implies that we need mH ∼ gv ∼ MZ , and so the physical Higgs mass is also

of order MZ . This can be viewed as a consequence of eliminating the mass term mH

in favor of the VEV. We might imagine that we can get larger physical higgs masses

because there are several independent quadratic terms, but famously this is not the

case for the neutral CP -even Higgs boson h0. Computing the physical mass of h0

from Eq. (5.74) we obtain a bound6

mh0 ≤MZ | cos 2β|. (5.77)

Here

tanβ =
vu

vd
, (5.78)

where

〈Hu〉 =

(

vu

0

)

, 〈Hd〉 =

(

0

vd

)

, (5.79)

with v =
√

v2
u + v2

d = 174 GeV. A Higgs lighter than MZ was ruled out by LEP I, and

the current limit from LEP II is mh0 ≥ 114 GeV. (It is ironic that in the standard

model, the Higgs mass is in a sense too large, while in SUSY it is too small!)

6This assumes that the CP-odd neutral scalar A0 is heavier than h0. If this is not the case, then

the bound is even stronger.
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Because this bound holds independently of the Higgs quadratic terms, we need

additional contributions to the Higgs quartic couplings in order to raise the mass

of the h0. In the MSSM, these corrections can come only from loop effects. We can

compute the loop contribution to the Higgs potential systematically by integrating out

the particles heavier than the h0. Since the heavy particles have masses and couplings

that break SUSY, the effective field theory below their masses is non-supersymmetric.

It therefore contains non-supersymmetric quartic couplings such as

∆VHiggs = 1
4
∆λu(H

†
uHu)

2 + 1
4
∆λd(H

†
dHd)

2 + · · · . (5.80)

(Another way to say this is that SUSY predicts relations among the most general

allowed quartic couplings, which are violated at loop level.)

The largest loop contribution comes from the particles with the largest couplings

to the Higgs, which are the gauge particles and the top and stop quarks.7 Numerically,

the top contribution dominates and gives

∆λu = +
3y4

t

4π2
ln
mt̃1mt̃2

m2
t

. (5.81)

The log can be thought of as the result of RG running between the stop and the

top mass scale. The precise argument of the logarithm is chosen to include the finite

1-loop matching corrections. The large size of the coefficient can be understood from

the fact that it is enchanced by a color factor. This contributes to the physical mass

of the h0

∆m2
h0 =

3y4
t

4π2
v2

u sin4 β ln
mt̃1mt̃2

m2
t

. (5.82)

For numerical estimates, an important correction to the value of yt comes from the

QCD corrections to the physical top quark mass:

mt = ytvu

[

1 +
g2
3

3π2
+ · · ·

]

. (5.83)

Again, the large coefficient of the 1-loop correction can be understood as color en-

hancement. For a top quark mass of 175 GeV, we have ytvu ≃ 165 GeV. The

correction Eq. (5.81) is often written with the substitution yt → mt/vu, but it is the

Yukawa coupling and not the mass that enters directly into the diagram.

The loop contribution to the Higgs quartic coupling Eq. (5.81) grows logaritmically

with the stop mass, so we can try to get a large Higgs mass by increasing the stop

7If tanβ >∼ 50, then yb ∼ 1 in order to explain the observed bottom quark mass. In this case, the

sbottom can also give a significant contribution.
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mass. However, there is a heavy price to pay for this: the Higgs mass parameter

m2
Hu also gets loop contributions that grow quadratically with the stop mass. In fact,

this contribution is also logarithmically divergent, and therefore has a logarithmic

sensitivity to the scale ΛSUSY. These logs can be summed using the RG equations

µ
dm2

Hu

dµ
= −3y2

t

8π2
(m2

Q̃3
+m2

T̃ c) + · · · . (5.84)

If the logarithm is not large, we have

∆m2
Hu ≃ −3y2

t

4π2
m2

t̃ ln
Λ

mt̃

(5.85)

where we have assumed a common stop mass for simplicity.

It should not be surprising that the Higgs mass is quadratically sensitive to SUSY

breaking mass scales. This is just a particular manifestation of the fine-tuning problem

for light scalars. We argued on very general grounds that naturalness of a light Higgs

requires new physics below a TeV. Now that we have a specific model with a specific

type of new physics, we can put in the numbers and make this more precise. To

satisfy the current experimental bounds on the Higgs mass, we require

∆m2
h0 ≥ (114 GeV)2 −M2

Z = (69 GeV)2. (5.86)

We are assuming tanβ, which enhances the Higgs mass. We therefore require the

stop mass to be

mt̃
>∼ mt exp

{

2π2∆m2
h0

3y4
t v2

}

≃ 620 GeV. (5.87)

To quantify how much fine tuning is involved, we note that the general scaling of

Eq. (??) tells us that the natural size of the Higgs mass parameter is of order MZ .

An approximate measure of the fine tuning in the Lagrangian is therefore

tuning =
∆m2

Hu

M2
Z

≃ 3y2
tm

2
t̃

4π2M2
Z

ln
Λ

mt̃

. (5.88)

This is approximately 16 for mt̃ ≃ 620 GeV and Λ ≃ 100 TeV. This means that

the positive contribution to the quadratic Higgs mass terms must cancel the large

negative contribution from the loop correction to an accuracy of at least 1 part in

16 to get acceptable electroweak symmetry breaking (see Eq. (5.74)). The full 1-loop

corrections and the largest two loop corrections to the quartic of order y6
t and y4

t g
2
3

increase the required stop mass above 1 TeV for small At, so this analysis actually

underestimates the amound of fine tuning.

36



This is not very much fine tuning if the parameters are at their current experi-

mental limits, but note that the amount of fine tuning grows exponentially with the

experimental bound on the Higgs mass (see Eq. (5.87)). This sensitivity also means

that the precise amount of fine tuning is sensitive to other corrections. At present,

we cannot say that there is anything clearly wrong with the MSSM, but this may be

taken as a hint that the MSSM is not a completely natural solution to the fine-tuning

problem of the standard model.

5.10 The Next-to-Minimal Supersymmetric Standard Model

We can take the SUSY fine tuning problem as a motivation to go beyond the MSSM.

A simple and well-motivated extension of the MSSM is obtained by adding a singlet

chiral superfield S to the theory.

This is relevant for the SUSY fine tuning problem because a superpotential term

∆W = λSHuHd (5.89)

gives a new contribution to the potential that is quartic in the Higgs fields:

∆V = |FS|2 = |λ|2|HuHd|2. (5.90)

This can raise the mass of the lightest neutral Higgs scalar at tree level. Another

motivation for this model is that we can naturally obtain nonzero values for 〈S〉 and

〈FS〉 of order the other SUSY breaking parameters. This gives weak scale µ and Bµ

terms, solving the µ problem.

The superpotential Eq. (5.89) preserves a Peccei-Quinn symmetry with P (S) = −2

(see Eq. (4.5)). If this is broken spontaneously, it gives rise to a weak-scale axion,

which is ruled out. This problem is easily solved by adding the superpotential

∆WNMSSM = λSHuHd + 1
6
kS3 (5.91)

to the MSSM. This model is called the ‘next-to-minimal supersymmetric standard

model,’ or NMSSM.

In principle, the lightest Higgs mass can be arbitrarily large by choosing the

couplings λ and k large, but there is a constraint if we impose the condition that

the coupling λ remains perturbative up to the GUT scale. This is because the RG

evolution

µ
dλ

dµ
= +

λ3

8π2
+ · · · (5.92)
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drives λ larger in the UV, and λ will diverge at a finite scale if its value at the weak

scale is too large. This gives a bound of approximately 150 GeV on the lightest Higgs

mass in the NMSSM if we require that the theory be perturbative up to the GUT

scale MGUT ≃ 2×1016 GeV, as suggested by the success of gauge coupling unification.

(Even in the standard model, requiring perturbativity of the quartic Higgs coupling

up to the GUT scale gives an upper bound of 170 GeV on the Higgs mass.) Extending

the model further does not relax this bound.

There are several ways to avoid these bounds. One possibility is that the coupling

λ indeed becomes strongly coupled, so that some or all of S, Hu, or Hd are composite

above the strong interaction scale. This need not interfere with perturbative gauge

coupling unification, since the gauge couplings naturally remain weak going through

a strong threshold. (For example, the electromagnetic coupling gets only a small

renormalization going through the QCD threshold.) For examples of this kind of

model, see Refs. [16].

The NMSSM phenomenology differs from the MSSM phenomenology mainly in

that scalar component of S mixes with the neutral Higgs, and can therefore change the

signals of the lightest scalar. Also, the new singlet fermion mixes with the neutralinos.

6 Spontaneous SUSY Breaking

There are good reasons to be dissatisfied with the softly broken MSSM. It has O(100)

unexplained parameters, and correspondingly no understanding of flavor conservation,

one of the great successes of the standard model. To address this question, it is natural

to consider models in which SUSY is broken spontaneously, with the hope that the

many SUSY breaking parameters will be naturally explained in terms of a simpler

underlying theory. That is, we look for models with a SUSY invariant Lagrangian in

which the ground state breaks SUSY.

A famous condition for SUSY breaking comes from the fact that the Hamiltonian

can be written in terms of the supercharges as

H = 1
4

[

Q̄1Q1 +Q1Q̄1 + Q̄2Q2 +Q2Q̄2

]

≥ 0. (6.1)

This shows that the energy of any state is positive or zero, and also that a state is

SUSY invariant

Qα|Ω〉 = 0 (6.2)

if and only if its energy is exactly zero

H|Ω〉 = 0. (6.3)
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The vacuum energy is therefore an order parameter for SUSY breaking. A VEV for a

superfield S can also act as an order parameter for breaking SUSY. SUSY is broken

if

Qα〈S〉 = 0 orQ̄α̇〈S〉 = 0. (6.4)

This occurs if higher θ components of 〈S〉 are nonzero, for example

〈Φ〉 = θ2F, 〈V 〉 = θ2θ̄2D. (6.5)

6.1 F -Type Breaking of SUSY

The simplest examples of spontaneous breaking of SUSY are O’Raifeartaigh models.

The idea behind this class of models is very simple. Consider a theory of chiral

superfields with Lagrangian of the form

LO′R =
∫

d4θ Q†
aQ

a +
(∫

d2θW (Q) + h.c.
)

. (6.6)

In order for there to be a vacuum with unbroken SUSY, we must have

0 = 〈F †
a〉 =

〈

∂W

∂Qa

〉

. (6.7)

If there are N fields Qa, this gives N conditions, which generically have a solution.

However, for special choices of W , there may be no solution, and SUSY is sponta-

neously broken. The order parameter is the F component of a chiral superfield, and

this type of SUSY breaking is called ‘F -type SUSY breaking.’

The simplest example of this mechanism is a model with a single superfield S with

superpotential

W = κS. (6.8)

However, this theory is trivial, as is easily seen in components. It consists of a free

chiral multiplet with a constant poential

V = |κ|2. (6.9)

This formally breaks SUSY, but there are no boson fermion splittings in the model.

Suppose however that we add higher-dimension operators in the
∫

d4θ terms:

L =
∫

d4θ f(S†, S) +
(∫

d2θ κS + h.c.
)

. (6.10)
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This model is often called the ‘Polonyi model.’ The higher order terms in f may arise

from integrating out heavy particles at scale M , in which case we expect

f = S†S +
c

4M2
(S†S)2 + O(S6/M4), (6.11)

where c ∼ 1. The potential terms can be computed from

L = fS†SF
†F + (κF + h.c.) + · · · , (6.12)

where we use the abbreviation

fS†S =
∂2f

∂S†∂S
. (6.13)

This gives

V =
|κ|2
fS†S

. (6.14)

We see that this has a nontrivial minimum if fS†S has a maximum. For a potential

of the form Eq. (6.11), we obtain 〈S〉 = 0 for negative c. Expanding about this

minimum, we find a scalar mass

m2
S =

|c||κ|2
M2

. (6.15)

SUSY is broken because the fermion component of S remains massless.

We can write a renormalizable model of F -type SUSY breaking following the

original idea of O’Raifeartaigh. One simple model contains 3 chiral superfields S1,

S2, and X, with superpotential

W = 1
2
λ1S1X

2 + 1
2
λ2S2(X

2 − v2). (6.16)

Note that

∂W

∂S1
= 1

2
λ1X

2,
∂W

∂S2
= 1

2
λ2(X

2 − v2). (6.17)

Since these cannot both vanish, SUSY is spontaneously broken. Since

∂W

∂X
= (λ1S1 + λ2S2)X, (6.18)

the scalar potential is

V = 1
4
|λ1|2|X|4 + 1

4
|λ2|2|X2 − v2|2 + |λ1S1 + λ2S2|2|X|2. (6.19)
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Extremizing this potential with respect to S1 and S2, it is easy to see that

〈λ1S1 + λ2S2〉 = 0 or 〈X〉 = 0. (6.20)

Extremizing with respect to X gives

〈X2〉 =
|λ2|2

|λ1|2 + |λ2|2
v2 or 〈X〉 = 0. (6.21)

The value of the vacuum energy is

〈V 〉 =



































|λ2|2
4

|v|4 for 〈X〉 = 0,

|λ1|2|λ2|2
2(|λ1|2 + |λ2|2)

|v|4 for 〈X〉 6= 0.

(6.22)

It is easy to see that the vacuum energy is minimized at 〈X〉 6= 0 provided that

|λ2| > |λ1|. In this case 〈λ1S1 + λ2S2〉 = 0, but one linear combination of S1 and S2

is completely unconstrained.

Exercise 7: Show that in an arbitrary O’Raifeartaigh model there is always

one linear combination of the superfields that is unconstrained by minimizing

the potential at tree level.

Working out the scalar and fermion masses at the minimum of the potential, we

find that all scalar and fermion masses are of order λv except for the scalar and

fermion components of the superfield that is orthogonal to the linear combination

λ1S1 + λ2S2. This suggests that we can integrate out all the fields except one chiral

superfield, and write the effective Lagrangian below the scale λv as an effective theory

of a single chiral superfield. This can be formally justified by noting that

〈FX〉 = 0, (6.23)

λ1〈FS1〉 + λ2〈FS2〉 = 1
2
|λ1|2X†2 + 1

2
|λ2|2(X†2 − v†2) = 0, (6.24)

so that

X = 0, λ1S1 + λ2S2 = 0 (6.25)
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are superfield constraints that can be used to define the light degrees of freedom in

the effective theory. The massless chiral multiplet can therefore be parameterized by

S2 (for example), which gives the effective Lagrangian

Leff =
∫

d4θ

[

1 +
|λ2|2
|λ1|2

]

S†
2S2 +

(∫

d2θ
[

−1
2
λ2v

2
]

S2 + h.c.
)

. (6.26)

This has precisely the form of the Polonyi model considered above! In this sense,

O’Raifeartaigh models reduce to Polonyi models at low energies.

Note that in the O’Raifeartaigh model, the corrections to the effective kinetic

function f come from integrating out massive fields at the scale λv, and is therefore

fully calculable. Computing the Coleman-Weinberg potential in this model, one finds

that the minimum is at 〈S2〉 = 0.

6.2 D-Type Breaking of SUSY

We can also break SUSY with an order parameter that is the highest component of

a gauge superfield:

〈V 〉 = θ2θ̄2〈D〉. (6.27)

The simplest way works for only for a U(1) gauge field, and consists of adding a

‘Fayet-Iliopoulos term’

∆LFI =
∫

d4θ ξV, (6.28)

where ξ is a coupling with mass dimension +2. This is is gauge invariant because

under a gauge transformation δV = Ω + Ω†, where Ω is a chiral superfield, so under

gauge transformations

δ(∆LFI) =
∫

d4θ ξ(Ω + Ω†) = total derivative. (6.29)

However, notice that this term is not gauge invariant if the coupling is a superfield.

This means that this term cannot be generated by a more fundamental theory in

which the couplings are superfields, such as a SUSY gauge theory. As we will discuss

below, this also means that this term is not allowed by supergravity. We will therefore

not discuss these terms further.

It is possible to get 〈D〉 6= 0 if SUSY and gauge symmetry are broken at the same

time. For example, consider a theory with superfields Q, Q̃, X, and X̃, with U(1)

gauge charges ±1 and ±2 respectively, and one singlet S. The superpotential

W = 1
2
λ(X̃Q2 +XQ̃2) + λ′S(QQ̃− v2) (6.30)
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breaks SUSY and gauge symmetry at the same time, and gives rise to a nonzero value

of 〈D〉. As this example illustrates, models of this type are necessarily somewhat

complicated. An interesting open question is whether one can naturally get 〈D〉 ≫
〈F 〉 without Fayet-Iliopoulos terms.

6.3 Generalities of Tree-Level SUSY Breaking

Let us consider a tree-level SUSY Lagrangian of the form given in Eq. (5.37). We

are interested in tree-level SUSY breaking, so we take Z = 1 and all couplings to be

SUSY preserving. The potential can be written as

V = F aF †
a + 1

2
DADA (6.31)

where

F a = W †a =
∂W †

∂Q†
a

, F †
a =

∂W

∂Qa
, DA = gAQ

†
a(TA)a

bQ
b. (6.32)

(Note that we have absorbed a factor of the gauge coupling into the definition of DA.)

SUSY is spontaneously broken if 〈Fa〉 and/or 〈DA〉 are nonzero.

We first show that if SUSY is spontaneously broken, there is a massless fermion

in the spectrum, called the ‘Goldstino.’ The fermion mass terms in this notation are

Lfermionmass = −1
2
ψaWabψ

b +
√

2λADAaψ
a + h.c., (6.33)

where

DAa =
∂DA

∂Qa
, (6.34)

etc., and we use the notation Wab = 〈Wab〉 in the remainder of this subsection. We

can write the fermion masses in a matrix notation as

Lfermionmass = ΨM1/2Ψ + h.c., (6.35)

where

Ψ =

(

ψa

λA

)

, (6.36)

and

M1/2 =

(

Wab −
√

2gBDBa

−
√

2DAb 0

)

. (6.37)
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We now claim that the fermion

ΨGoldstino =

(

W †b

−DB/
√

2

)

(6.38)

is massless. (Note that if SUSY is unbroken, ΨGoldstino is trivial.) This follows from

M1/2ΨGoldstino =

(

WabW
†b +DBDBa

−
√

2DAbW
†b

)

. (6.39)

The upper component vanishes because

0 =
∂V

∂Qa
= WabW

†b +DBDBa. (6.40)

The lower component vanishes due to the gauge invariance of the superpotential:

0 = δW = WaδQ
a = Wa(TA)a

bQb =
1

gA
WaD

a
A. (6.41)

The existence of the Goldstino when SUSY is spontaneously broken is analogous to

the existence of a Goldstone boson when a global symmetry is spontaneously broken.

Its existence can also be established on general grounds, without referring to any

Lagrangian. For a very clear discussion, see Ref. [18].

Let us continue our discussion of the masses with the scalar masses. Combining

the scalar fields into a vector

Φ =

(

Qa

Q†
a

)

, (6.42)

we can write the scalar masses as

Lscalarmass = −Φ†M2
0 Φ, (6.43)

where

M2
0 =

(

W †acWcb +Da
ADAb +Da

AbDA W †abcWc +Da
AD

b
A

WabcW
†c +DAaDAb WacW

†cb +DAaD
b
A +Db

AaDA

)

. (6.44)

Finally, the gauge boson masses are

Lgauge mass = 1
2
AµM2

1Aµ, (6.45)

with

(M2
1 )AB = 2Da

ADBa. (6.46)
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From these formulas, we can read off the fact that the ‘supertrace’ of the mass matrix

vanishes:

str(M2) ≡ tr(M2
0 ) − 2 tr(M †

1/2M1/2) + 3 tr(M2
1 ) = 0. (6.47)

The supertrace is the sum of the squared masses of the particles, counting spin mul-

tiplicities, with fermions contributing with opposite sign as bosons. The vanishing of

the supertrace puts strong constraints on how SUSY is broken, as we will see.

6.4 SUSY Breaking in the Observable Sector

We have seen if SUSY makes electroweak symmetry breaking natural, superpartner

masses must be below ∼ 1 TeV, and to explain their non-observation they must have

masses greater than ∼ 100 GeV. The superpartner masses must therefore be at the

weak scale, and a good model of SUSY breaking should explain why this is so.

An obvious thing to try is to break SUSY and electroweak symmetry at tree level

by some extended Higgs sector. That is, we imagine a renormalizable extension of

the MSSM to include extra fields and interactions that break SUSY and electroweak

symmetry at tree level. In such a model, superpartner masses are nonzero because of

direct couplings to the fields that break SUSY.

We can see that this is difficult from the supertrace constraint discussed in the

previous subsection. First of all, note that the mass matrix has a block-diagonal form,

with each block corresponding to states that do not mix with the states in the other

blocks. (For example, colored particles to do not mix with color singlets.) Unless

there are heavy fermions in every block containing observed quarks and leptons,

the supertrace constraint immediately implies that the scalar superpartners must be

lighter than the heaviest observed fermion, which is a phenomenological disaster.

It can be shown that even if we allow for the possibility of heavy particles, there are

always light scalar color triplets (squarks) lighter than either mu or md, the lightest

quark masses. Let us therefore restrict attention to the color triplet part of the mass

matrix Eq. (6.44), which does not mix with anything else. Because color is unbroken

we have

〈Wa〉 = 〈W †a〉 = 〈DAa〉 = 〈Da
A〉 = 0 (6.48)

when a is a color triplet index. The color triplet part of the scalar mass matrix is

therefore

M2
0 =

(

M †
1/2M1/2 + 〈Da

AbDA〉 ∆

∆† M1/2M
†
1/2 + 〈Db

AaDA〉

)

. (6.49)
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where

∆ab = 〈W †abcWc〉. (6.50)

The idea is to think ofM2
0 as a Hamiltonian, with the lightest mass eigenvalue equal to

the ground state energy. We can use the standard variational method from quantum

mechanics to estimate the ground state energy. For any ‘state vector’ Φ0, we have

Φ†
0M

2
0 Φ0

Φ†
0Φ0

≥ smallest eigenvalue. (6.51)

To choose Φ0, note that the D term contribution 〈Da
AbDA〉 is proportional to charges,

and is therefore negative at least one of the fields U , U c, D, and Dc in each generation

(in a mass basis). Suppose for concreteness it is U that gives a negative result. We

then define

Φ0 =

(

φ

φ†

)

, (6.52)

where

φ =













1

0
...

0













(6.53)

is a unit vector in the direction of the first generation U field, with

〈Da
AbDA〉φb = −|λ|φa. (6.54)

Then

Φ†
0M

2
0 Φ0 = 1

2
φ†(M †

1/2M1/2 + 〈DAgATA〉φ+ h.c., (6.55)

where we have used the fact that φ∆φ vanishes, since there are no mass terms of this

form UU allowed. Therefore

Φ†
0M

2
0 Φ0

Φ†
0Φ0

= m2
u − |λ|. (6.56)

This implies that the matrix M2
0 has at least one eigenvalue lighter than the quark

mass m2
u. This is clearly ruled out. If the quark with the negative eigenvalue is

down-type, we have an eigenvalue less than m2
d, which is also ruled out.

The basic problem is thatD-type masses are proportional to charges, and therefore

have both positive and negative signs, while the ‘B-type’ masses parameterized by

the off-diagonal ∆ terms tend to split the eigenvalues, and therefore cannot raise the

lowest eigenvalue.
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6.5 The Messenger Paradigm

To make a viable model of SUSY breaking, we need either large loop corrections,

or non-renormalizable terms in the Kähler potential. SUSY breaking from either of

these sources is suppressed, by loop factors and/or by high mass scales. This means

that the theory must contain a sector in which SUSY is broken at a scale much larger

than the weak scale. This large primordial SUSY breaking will then communicated

to the standard model fields through ‘messenger’ interactions.

This gives us a way of thinking about the SUSY flavor problem. Since the in-

teractions of the messengers with the standard model fields determine the pattern of

SUSY breaking in the visible sector, a natural way to avoid additional flavor violation

in the MSSM is if the messenger interactions do not violate flavor symmetries, i.e.

are ‘flavor blind.’ We will see that this paradigm gives rise to successful models of

SUSY breaking.

7 Hidden Sector SUSY Breaking

An obvious candidate for the messenger of SUSY breaking is gravity. From a par-

ticle physics perspective, the unique low-energy effective theory of gravity is general

relativity.8 Its consistency requires that gravity couples to matter through the stress-

energy tensor, which is the origin of the equivalence principle. Because gravity couples

to all forms of energy, it necessarily couples the SUSY breaking sector with the visible

sector, even if there are no other interactions between the two sectors. All that is

required for gravity to be the messenger of SUSY breaking is that there are no other

stronger interactions between the two sectors. In this case, we refer to the SUSY

breaking sector as the ‘hidden sector.’

The fact that gravity couples to the stress-energy tensor also means that general

relativity is flavor-blind. (Different flavors have different masses, and in this sense

couple differently to gravity. But what we want is that there be no additional flavor

violation beyond that of the Yukawa couplings.) The difficulty with this in practice is

the fact that general relativity is only an effective theory, and requires UV completion

above the Planck scale (if not at lower scales). It is far from clear that the fundamental

theory of gravity can have flavor symmetries that guarantee that the UV couplings

of gravity are flavor-blind. In fact, there are strong hints from what little is known

8This assumes that gravity is mediated by a spin-2 boson, and also assumes locality and Lorentz

invariance. The cosmological constant problem has motivated attempts to relax the assumption of

locality [20] or Lorentz invariance [21].
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about the UV theory of gravity to suggest that the fundamental theory of gravity

is unlikely to respect global symmetries such as flavor. One of these hints comes

from studies of black holes, where Hawking radiation appears to be incapable of

radiating away any global charge that was thrown into the black hole when it was

formed. The final stages of black hole evaporation occur when the mass of the black

hole becomes of order the Planck mass, and what happens there is not understood.

However, requiring the conservation of global quantum numbers appears to require a

large number of charged states at the Planck scale (corresponding to all the different

possible charges of the initial black hole) which seems unlikely. Another hint comes

from string theory, the only known candidate for a fundamental theory of gravity.

String theory does not appear to allow exact global symmetries, although the full

space of string theory vacua is still poorly understood.

From a low-energy point of view, we can parameterize the most general effects of

the unknown physics at the Planck scale by higher dimension operators suppressed by

powers of the Planck scale MP. Of particular interest to us are operators that connect

the fields in the hidden sector with those in the observable sector. We assume that

SUSY is broken in the hidden sector by the F component of a field X, and without

loss of generality we shift the field X so that

〈FX〉 6= 0, 〈X〉 = 0. (7.1)

We can then write the most general interactions between X and the visible sector

fields:

∆L =
∫

d4θ
{

(zQ)i
j

M2
P

X†XQ†Q+ · · ·

+
b

MP
XHuHd +

b′

MP
X†XHuHd + h.c.

}

+
∫

d2θ
[

s1

MP
XW α

1 W1α + · · ·
]

+ h.c.

+
∫

d2θ
[

aij

MP

XQiHu(U
c)j + · · ·

]

(7.2)

When we substitute the SUSY breaking VEV 〈FX〉, we find that this generates all

the soft SUSY breaking terms of the MSSM (other than the ‘C’ terms of Eq. (5.42))

with the size of all SUSY breaking masses of order

MSUSY ∼ 〈FX〉
MP

. (7.3)
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Taking MSUSY ∼ TeV gives

〈FX〉 ∼MPMSUSY ∼ (1011 GeV)2. (7.4)

(The scale 1011 GeV is often called the ‘intermediate scale.’) Note that the µ and Bµ

terms are generated by the terms with coefficients b and b′ in Eq. (7.2). This gives a

very simple solution to the ‘µ problem’, as first pointed out by Ref. [22]. Note these

terms are only allowed if the SUSY breaking field X is a singlet, as are the terms

with couplings s1, . . . that give rise to gaugino masses.

It is easy to see why SUSY breaking terms are suppressed in this approach. For

example, ‘C terms’ are generated by operators of the form

∆Leff ∼
∫

d4θ
X†X

M3
P

QH†
dU

c + h.c., (7.5)

which give rise to SUSY breaking trilinear couplings of order M2
SUSY/MP ≪ MSUSY.

‘Hard’ SUSY breaking is also small. For example, a fermion kinetic term arises from

∆Leff ∼
∫

d4θ
X†X

M4
P

DαQσµ
αα̇∂µD̄

α̇Q†, (7.6)

which gives ∆Z ∼ M2
SUSY/M

2
P ≪ 1. It is striking that simply writing all possible

terms connecting the hidden sector to the visible sector suppressed by powers of a

single large scale gives all required SUSY breaking terms (including µ and Bµ terms),

all of the same order.

Exercise 8: Write the leading additional SUSY breaking allowed in the

NMSSM coupled to a hidden sector. Does this automatically give rise to

all allowed SUSY breaking of order MSUSY, as in the MSSM? Can we impose

symmetries so that all required SUSY breaking is generated with size MSUSY?

The difficulty with this approach is that the soft masses and A terms can violate

flavor. The A terms arise from the terms with coefficients aij , and we can imagine

forbidding these by symmetries acting on the field X. However, the soft scalar masses

are generated by the operators with coefficients zi
j, which are invariant under all

symmetries. Unless there are flavor symmetries at the Planck scale, there appears to

be no reason for these coefficients to be flavor-diagonal. This is the flavor problem of

hidden sector models of SUSY breaking.

One way to avoid the flavor problem is to assume that there is a gauged flavor

symmetry at the Planck scale. The existence of gauge symmetries (as opposed to

49



global symmetries) is compatible with what is known about string theory and black

hole physics. A gauge symmetry must be free of anomalies, but extra fermions can

always be added to cancel the anomalies, and once the flavor symmetries are broken,

all these extra fermions can in principle become massive. The flavor gauge symmetry

must be broken at a high scale to avoid dangerous flavor-changing neutral currents.

The flavor symmetry may also be discrete. For an example of this kind of model, see

Ref. [23].

Exercise 9: To illustrate some of the issues involved in models with flavor

symmetries, consider the following model. Assume that the model at the

Planck scale preserves an SU(3)5 flavor symmetry that acts separately on

the generation indices of the five multiplets Q, U c, Dc, L, and Ec. Find

additional particle content that can make the SU(3)5 flavor symmetry free of

gauge anomalies, such that the additional particles can get masses below the

SU(3)5 that do not violate standard model gauge symmetry.

Suppose further that these symmetries are spontaneously broken by the

VEVs of scalar fields Y that have the same quantum numbers as the Yukawa

couplings. (For example, there are one or more ‘up-type’ fields (YU)ij , where

the i is a SU(3)Q and j is a SU(3)U index.) The Yukawa couplings are of

order

y ∼ 〈Y 〉
MP

. (7.7)

The hierarchy of VEV’s for different components of Y gives rise to the hierarchy

for Yukawa couplings. Show that in this model, the off-diagonal squark masses

have size

∆m2
Q̃

m2
Q̃

∼ y2, (7.8)

where y is an appropriate Yukawa coupling. Show that this is sufficient to

suppress dangerous flavor-changing neutral currents.

The model in the example above is complicated, and contains many particles. The

top quark Yukawa coupling is yt ∼ 1, which means that the expansion in powers of

〈Y 〉/MP is marginal. (Since loop effects are suppressed by powers of 1/(16π2), the

expansion really only breaks down for yt ∼ 4π, so this is not fatal.) However, all these

50



features arise because the model is an ambitious attempt to explain the origin of the

Yukawa couplings. Since the Yukawa couplings presumably have some explanation,

and no simple one is known, this may not be a drawback of this approach.

We should note that this is not the way flavor arises in conventional string com-

pactifications, in which there are no flavor symmetries at the string scale (see Ref. [24]

for a review). On the other hand, string theory has not had any real success so far in

explaining the observed features of our world. Maybe string theory is right, but we

have not found the appropriate string vacuum. Given the richness of string theory,

it might be right and we might never know. In this situation it is worth keeping an

open mind about mechanisms that do not fit into string theory in an obvious way.

7.1 The ‘Minimal SUGRA’ Ansatz

An Ansatz that has been extensively analyzed in the literature is to assume that the

couplings that give rise to scalar masses are equal to a universal value at µ = MP:

(zQ)i
j = (zL)i

j = · · · = z0δ
i
j , zHu

= zHd
= z0 (7.9)

This is called ‘minimal SUGRA’ for historical reasons. One feature of this Ansatz is

that the up-type Higgs mass runs negative because of the large top Yukawa coupling.

This is called ‘radiative symmetry breaking.’ We have argued above that if there is

no flavor symmetry at the Planck scale, this Ansatz is not natural. Nonetheless, there

is an extensive literature on this, so you should at least know what it is.

Exercise 10: In this Ansatz, we must run the z couplings down from the

scale MP down to the mass of the field X. Below this scale, we match onto

a theory where X is replaced by its SUSY breaking VEV. Show that if we

include only standard model fields in the loops, this procedure is equivalent to

running universal scalar masses down from the Planck scale.

8 Gauge Mediated SUSY Breaking

Following the messenger paradigm for SUSY breaking, another natural flavor-blind

messenger to consider are the standard model gauge interactions themselves. We have

seen that tree-level SUSY breaking in the visible sector has severe difficulties, so we

look at loop effects.
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8.1 Gauge Messengers

A simple and predictive framework is to assume that SUSY breaking is communicated

to the standard model via heavy chiral supermultiplets that are charged under the

standard model gauge symmetries. If the masses of these messenger fields are not

exactly supersymmetric, integrating them out will give rise to SUSY breaking in the

visible sector.

A simple example that illustrates how this kind of SUSY breaking can arise is an

O’Raifeartaigh-type model with superpotential

W = 1
2
λ1S1X

2 + 1
2
λ2S2(X

2 − v2) + λ3S3Φ̃Φ

+ (M + λS2)Φ̃Φ.
(8.1)

Here Si (i = 1, 2, 3) and X are singlet fields, and Φ and Φ̃ are charged under the stan-

dard model. This model breaks SUSY, and for appropriate choices of the parameters,

the minimum occurs for

〈FS2
〉 ∼ λv2 (8.2)

and 〈S1〉, 〈S3〉, 〈Φ〉, 〈Φ̃〉 = 0. This means that Φ and Φ̃ effectively have a SUSY

breaking mass term, with a superfield mass parameter

M = M + λ〈S1〉 + θ2〈FS2
〉. (8.3)

As long as the fields in this sector do not have any direct couplings to the MSSM

fields, the leading effects on the standard model will come from loop graphs involving

the fields Φ and Φ̃, which depend on their mass Eq. (8.3). These fields are therefore

the messengers of SUSY breaking. The messenger mass parameters are the only

parameters in this model that will have an observable effect on physics in the visible

sector.

The only unsatisfactory feature of this model is that the mass terms M and v2 are

put in by hand. There is a large literature on models that break SUSY dynamically, in

which the SUSY breaking messenger mass arises from dimensional transmutation (see

Ref. [25] for a review). However, since the messenger mass parameters are the only

parameters in the SUSY breaking sector that have observable effects in the visible

sector, we will be content to assume that a fully satisfactory model exists and work

out the consequences.

We therefore simply assume that there are charged messengers with SUSY break-

ing mass

∆Lmess =
∫

d2θMΦ̃Φ + h.c. (8.4)
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with chiral superfield mass parameter

M = M + θ2F. (8.5)

The messengers must be in a vector-like representation of the standard model gauge

group to allow this mass. In order to keep the successful unification of couplings in

the MSSM, we can take the messengers in complete SU(5) multiplets, such as 5⊕ 5̄.

After integrating out the auxiliary fields, the scalar masses are

∆Lmess → −|M |2(φ†φ+ φ̃†φ̃) + (F φ̃φ+ h.c.). (8.6)

We can rephase φ and φ̃ to make F real, in which case the scalar mass eigenstates are

(φ± φ̃)/
√

2, with masses |M |2±F . We see that stability of the vacuum 〈φ〉 = 〈φ̃〉 = 0

requires F ≤ |M |2. The fermion masses are unaffected by F , and so the fermion mass

is |M |.
When we integrate out the messengers at loop level, the resulting low-energy

effective theory breaks SUSY. At one loop, we get a gaugino mass from the diagram

mgaugino ∼ ∼ g2

16π2

F

M
. (8.7)

and at two loops, we get a scalar mass from diagrams like

m2
scalar ∼ + · · · ∼

(

g2

16π2

)2 ∣
∣

∣

∣

F

M

∣

∣

∣

∣

2

. (8.8)

These are the leading terms in an expansion in powers of F . (The corrections are

suppressed by powers of F/M2.) The estimates give the right order of magnitude even

if F ∼M2. One immediate consequence of this is that the masses of the scalars and

gauginos are of the same order, which is important for getting a realistic and natural

model of SUSY breaking. Also, note that the scalar masses depend only on the gauge

quantum numbers of the scalars, and are therefore flavor-blind. This gives a natural

solution to the SUSY flavor problem. Furthermore, the spectrum is determined by

just a few parameters, so this is a highly predictive framework for SUSY breaking.

This mechanism is called ‘gauge mediation’ of SUSY breaking, for obvious reasons.

Exercise 11: Show that the spurion F/M has the right U(1)R charge to give

rise to a gaugino mass. Use symmetry properties and dimensional analysis

to show that the leading contribution to the scalar mass for small F must be

proportional to |F/M |2. Also, show that the subleading terms for small F give

rise to fractional corrections of order |F/M2|2 to Eqs. (8.7) and (8.8).
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If we want the superpartner masses to of order 100 GeV or more, we need to

have F/M ∼ 5–50 TeV. However, the mass scale M can be quite large, keeping this

ratio fixed. An upper bound on M is obtained by requiring that the gauge mediated

contributions to scalar masses to be sufficiently larger than the contributions from

Planck suppressed higher-dimension operators. If SUSY is broken primordially by

the VEV of a chiral superfield

〈X〉 = θ2F0, (8.9)

then no symmetry can forbid operators of the form

∆L ∼
∫

d4θ
1

M2
P

X†XQ†Q. (8.10)

These will in general give rise to flavor-violating scalar masses of order

∆m2
Q̃
∼ F 2

0

M2
P

. (8.11)

Demanding that ∆m2
Q̃

is small enough to avoid FCNC’s gives the bound

√

F0 <∼ 1010 GeV
( mQ̃

500 GeV

)3/2

. (8.12)

Note that the primodial SUSY breaking scale F0 need not be the same as the

scale F in the messenger mass. In particular, it is possible to have F0 ≫ F if SUSY

breaking is communicated weakly to the messengers. However, we must have F0 >∼ F ,

so the largest possible value of M is obtained when F0 ∼ F :

M <∼ 1015 GeV
( mQ̃

500 GeV

)3

. (8.13)

8.2 The Gauge Mediated Spectrum

We now turn to the calculation of the gauge mediated spectrum. Even at the qualita-

tive level, it is crucial to know the signs of the squark and slepton mass-squared terms.

If any of these are negative, the theory does not have a minimum that preserves color

and electomagetism, which is certainly ruled out!

We will compute the induced SUSY breaking masses using an elegant method due

to Giudice and Rattazzi [26] that makes essential use of superfield couplings. We

treat the messenger mass M as a chiral superfield

M = M + θ2F. (8.14)
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This reduces the problem to how the superfield couplings in the effective theory below

the scale M depend on M. The leading dependence for large M is given by the RG,

making the calculation of the loop diagrams very simple. For example, the value

standard-model gauge coupling at a scale µ < M can be obtained from the one-loop

RG equation:

1

g2(µ)
=

1

g′2(Λ)
+

b′

8π2
ln
M

Λ
+

b

8π2
ln

µ

M
. (8.15)

Here g′ is the gauge coupling in the theory above the scale M , and b′ is the beta

function coefficient in this theory, while g and b are the corresponding quantities in

the effective theory below the scale M . We started the running at an arbitrary scale

Λ > M . For a non-abelian group,

b− b′ = N, (8.16)

where N is the number of messengers that get mass at the scale M if the messengers

are in the fundamental representation. Note that N is always positive.

The idea of Giudice and Rattazzi is to extend the formula Eq. (8.15) to superfield

couplings. We therefore have

τ(µ) = τ ′(Λ) +
b′

16π2
ln

M
Λ

+
b

16π2
ln

µ

M . (8.17)

Here τ is the chiral superfield containing the (holomorphic) gauge coupling. Both

sides of this equation are now well-defined chiral superfields. We can then compute

the gaugino mass just by taking the higher θ components of both sides:

mλ(µ)

g2(µ)
= −[τ(µ)]θ2 =

b− b′

16π2
[lnM]θ2

=
N

16π2

F

M
. (8.18)

Note that we have assumed that the only SUSY breaking is contained in M. In

particular, the couplings at the cutoff Λ have no higher θ components, which means

that SUSY is unbroken in the fundamental theory above the scale M . In components,

this would have been a finite one-loop computation, but this method reduces it to a

simple RG calculation.

Note that the result Eq. (8.18) includes the running from the matching scale M

down to scales µ < M . We can find the value of the gaugino mass at the matching

scale M by expanding about µ = M. We illustrate this method here because it is
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very useful for the scalar masses to be discussed below. For the gaugino mass, we

write

τ(µ) = τ(M) +
dτ

d lnµ

∣

∣

∣

∣

∣

µ=M

ln
µ

M + O
(

ln2 µ

M

)

. (8.19)

When we take the θ2 component of both sides, the terms of order ln2(µ/M) do not

contribute in the limit µ→M . We then have

lim
µ→M

[τ(µ)]θ2 = [τ(M)]θ2 +
dτ

d lnµ

∣

∣

∣

∣

∣

µ=M

[

ln
µ

M

]

θ2

. (8.20)

We then compute

[τ(M)]θ2 =
F

M

∂τ(M)

∂ lnM
=

F

M

∂τ ′(M)

∂ lnM

=
F

M

b′

8π2
. (8.21)

Note that in our expansion the UV couplings are held fixed, which is why the result

is proportional to the beta function in the theory above the scale M . Putting this

together, we obtain

lim
µ→M

[τ(µ)]θ2 =
b′ − b

8π2

F

M
, (8.22)

in agreement with Eq. (8.18).

This method is even more powerful when used to compute scalar masses. These

are extracted from the wavefunction coefficient Z via

m2 = −[lnZ]θ2θ̄2 . (8.23)

Here Z is a real superfield, so it depends on M via the real superfield

lnM → ln |M| = ln |M | + 1
2

(

θ2 F

M
+ h.c.

)

. (8.24)

Expanding about µ = M, we have

lim
µ→M

[lnZ(µ)]θ2θ̄2 = [lnZ(M)]θ2θ̄2 +
(

[γ(M)]θ2

[

ln
µ

M

]

θ̄2

+ h.c.
)

+
1

2

dγ

d lnµ
(M)

[

ln2 µ

M

]

θ2θ̄2

,

(8.25)
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where

γ(µ) =
d lnZ

d lnµ
(8.26)

is the anomalous dimension in the effective theory below the scale M . As in the

calculation of the gaugino mass, we must perform the expansion keeping the UV

cutoff fixed, which means that we must expand in M in the fundamental theory. We

therefore have

[lnZ(M)]θ2θ̄2 =
1

4

∣

∣

∣

∣

F

M

∣

∣

∣

∣

2
(

∂

∂ lnM

)2

lnZ ′(M)

=
1

4

∣

∣

∣

∣

F

M

∣

∣

∣

∣

2 dγ′

d lnµ
(M), (8.27)

where

γ′(µ) =
d lnZ ′

d lnµ
(8.28)

is the anomalous dimension in the theory above the scale M . Similarly,

[γ(M)]θ2 =
1

2

F

M

∂

∂ lnM
γ(g′(M))

=
1

2

F

M

∂γ

dgi
(M)β ′

i(M), (8.29)

where gi (g′i) denotes the dimensionless couplings of the theory below (above) the

scale M , and βi (β ′
i) are the corresponding beta functions, e.g.

βi =
dgi

d lnµ
. (8.30)

Putting it all together, we obtain

m2(M) = −lim
µ→M

[lnZ(µ)]θ2θ̄2

=
1

4

∣

∣

∣

∣

F

M

∣

∣

∣

∣

2
[

−∂γ
′

∂g′i
β ′

i + 2
∂γ

dgi

β ′
i −

∂γ

∂gi

βi

]

. (8.31)

Here all anomalous dimensions are evaluated at µ = M . This shows that the gauge

mediated scalar mass at the threshold is a simple function of the anomalous dimen-

sions of the theory. From this formula, we see that the scalar masses arise at two

loops, since both γ and β start at one loop.
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Note that we have performed a two-loop finite matching calculation using only the

RG equations. We see that the threshold corrections are determined completely by the

anomalous dimensions and beta functions of the theory. This is another illustration

of the power of superfield couplings.

Squarks and sleptons do not couple directly to the messengers, so they have γ′ = γ

at one loop. (This means that γ′ is the same function of the couplings g′ as γ is of

the couplings g.) In this case, the expression for the scalar mass simplifies further:

m2(M) =
1

4

∣

∣

∣

∣

F

M

∣

∣

∣

∣

2 ∂γ

∂gi
(β ′

i − βi). (8.32)

The one-loop RG for a kinetic coefficient (of a quark field, say) from a gauge loop is

µ
d lnZ

dµ
=

c

4π2
g2, (8.33)

where c is the quadratic Casimir of the field. For a fundamental representation of an

SU(N) gauge group, c = (N2 − 1)/(2N). Putting this in, we obtain

m2(µ = M) =
g4

(16π2)2
2cN. (8.34)

Note that the scalar masses are positive at the matching scale µ = |M |, which is

certainly a good starting point for a realistic model. RG evolution down to the weak

scale can make the up-type Higgs mass run negative (due to the large top Yukawa

coupling), triggering electroweak symmetry breaking.

Using the same techniques, we can see that

lim
µ→M

[lnZ(µ)]θ2 =
1

2

F

M
(γ′ − γ). (8.35)

Again, for particles that do not couple directly to the messengers γ′ = γ at one loop,

and so we do not get A terms at one loop. (This is also obvious from the fact that

there are no one-loop diagrams that could give an A term.) Direct couplings of the

quarks and leptons to the messengers violate flavor symmetries, but the Higgs can

have nontrivial couplings to the messengers. Some of the consequences of this are

explored in Refs. [27].

It is important to remember that the results above are only the leading result in an

expansion in powers of F/M2. In the effective theory below the messenger scale M ,

these additional terms are parameterized by terms with additional SUSY covariant

derivatives, such as

∆Leff ∼
∫

d4θ

∣

∣

∣

∣

∣

D2M

M2

∣

∣

∣

∣

∣

2

Q†Q ∼
∣

∣

∣

∣

∣

F 2

M3

∣

∣

∣

∣

∣

2

Q̃†Q̃+ · · · (8.36)
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Unlike the leading terms computed above, these terms are not related to the di-

mensionless couplings of the low-energy theory, and therefore require an independent

calculation. This calculation has been performed in Refs. [28]. The result is that the

scalar mass in particular is very insensitive to corrections unless F is very near |M |2.

8.3 Phenomenology of Gauge Mediation

We now mention briefly some highlights of the phenomenology of gauge-mediated

SUSY breaking. For more detail, see Ref. [29] and references therein.

First, note that because superpartner masses are controlled by gauge couplings,

colored states will be much heavier than uncolored states. In particular, the ratio of

stop masses to right-handed slepton masses is of order

mt̃

mẽR

∼
√

3
g2
3

g2
1

∼ 10. (8.37)

(The factor of
√

3 comes from the color factor c ∼ 3 in Eq. (8.34).) The experimental

bound mẽR
≥ 99 GeV therefore implies mt̃

>∼ 980 GeV, which implies a sizable fine-

tuning for electroweak symmetry breaking. The actual value of mt̃ can be smaller, but

fine-tuning is a concern in gauge mediated SUSY breaking. As always, this fine-tuning

is more severe if SUSY is broken at high scales.

Another important feature of gauge-mediated SUSY breaking is that the gravitino

is generally the LSP. In standard scenarios for SUSY breaking, the gravitino gets a

mass

m3/2 =
F0√
3MP

∼ 100 GeV

( √
F0

1010 GeV

)2

, (8.38)

where F0 is the primordial scale of SUSY breaking. (We will review the origin of

this formula below when we discuss supergravity.) The bound Eq. (8.13) implies that

m3/2 ≪ 100 GeV as long as F0 is well below its maximum natural value, as suggested

by fine-tuning considerations.

If the gravitino is the LSP, then all SUSY particles eventually decay to gravitinos

and ordinary particles. To understand these decays, we use the fact that the gravitino

mass can be thought of as arising from a ‘super Higgs mechanism’, in which a massless

spin 3
2

field (2 degrees of freedom) ‘eats’ the massless spin 1
2

Goldstino field (2 degrees

of freedom) to make a massive spin 3
2

field. This is in direct analogy to a massive spin

1 particle, which can be thought of as a massless spin 1 particle (2 degrees of freedom)

and an ‘eaten’ massless spin 0 Nambu-Goldstone field (1 degrees of freedom). We will
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not give the details here, but the important point is that the massless spin 3
2

field

is part of the supergravity multiplet, and therefore couples to matter with strength

suppressed by powers of 1/MP. On the other hand, the ‘eaten’ Goldstino couples to

matter with strength determined by the priomordial SUSY breaking scale F0. Since

F0 ≪ M2
P, matter couples dominantly to the Goldstino field, and we can ignore the

spin 3
2

gravitino field.

Low energy theorems analogous to those for ordinary broken symmetries tell us

that the coupling of the Goldstino field G̃α couples to matter via the supercurrent

Jµα:

Lint = − 1

F0
Jµα∂µG̃α + h.c. + O(G̃2), (8.39)

where the supercurrent is

Jµ
α = (ψ̄aσ̃

µσν)α∂νφ
a − i

4
√

2
(λAσ̃

µσν)αFµνA. (8.40)

This can be used to compute the decays of the other superpartners into Goldstinos.

Since
√
F0 is much larger that superpartner masses, the heavy superpartners will

decay rapidly to the next-to-lightest superpartner (NLSP), which will then decay

more slowly into Goldstinos. (We are assuming that R parity or a similar symmetry

prevents rapid decays of the NLSP.) The phenomenology therefore depends on the

value of F0 and the identity of the NLSP. If the NLSP is Bino, its dominant decay is

Γ(χ0
1 → γG̃) ∼ 10−3 eV

( mχ0

1

100 GeV

)5
( √

F0

100 TeV

)−4

. (8.41)

If the NLSP is the right-handed stau (the lightest of the right-handed sleptons because

of mixing effects), its dominant decay is

Γ(τ̃R → τG̃) ∼ 10−3 eV
(

mτ̃R

100 GeV

)5
( √

F0

100 TeV

)−4

. (8.42)

Depending on the value of F0, the NLSP can have a visible decay length:

L =
cγ

Γ
∼ 10−2cm

(

m

100 GeV

)−5
( √

F0

100 TeV

)4

×
√

E2/m2 − 1. (8.43)

For
√
F0 <∼ 10−6 GeV this decay is inside the detector. Even for

√
F0 ∼ 100 TeV

(the smallest allowed value) this gives a displaced vertex small enough to be seen in a

silicon vertex detector. Measurement of the decay length of the NLSP therefore gives

direct information about the scale of primordial SUSY breaking!

60



8.4 Gravitino Cosmology

We now make some brief remarks on gravitino cosmology in gauge-mediated models

with R parity. The gravitino is stable in these models, and can therefore contribute

to the energy density of the universe today. If the gravitino has a thermal abundance

early in the universe, it freezes out at temperatures of order its mass. The relic

abundance today is of order

Ω3/2 ∼
( √

F0

106 GeV

)−1

(8.44)

where Ω is the fraction of critical density contributed by the gravitino. (See Ref. [30]

for a discussion of this standard calculation.) In order to avoid overclosing the universe

we need Ω3/2 <∼ 1, or
√
F0 <∼ 106 GeV. Note that this implies that the gravitino

decays inside the detector in collider experiments! It is still possible to have
√
F0 >

106 GeV if the primordial gravitino abundance is diluted by inflation with a low reheat

temperature or by significant late-time entropy production.

9 ‘Need-to-know’ Supergravity

We now switch gears to a more formal subject: supergravity (SUGRA). SUGRA is the

supersymmetric generalization of Einstein gravity, and as such unquestionably has a

fundamental place in a supersymmetric world. However, the gravitational force is so

weak that it is generally unimportant for particle physics experiments, so we start by

explaining the motivation for a particle phenomenologist to learn about SUGRA.

One reason has already emerged in our discussion of gauge-mediated SUSY break-

ing. Namely, the superpartner of the spin-2 graviton is a the spin-3
2

gravitino. Its

interactions with ordinary matter are suppressed by powers of the Planck scale, but

it can have interesting (or dangerous) cosmological effects.

Another motivation is the cosmological constant problem, which is clearly a gravi-

tational effect. The cosmological constant can be naturally zero in the limit of unbro-

ken SUSY, but the cosmological constant problem comes back when SUSY is broken.

There is at present no convincing solution to the cosmological constant problem, but

SUSY is the only known symmetry that can explain why the cosmological constant

smaller than the Planck scale, and may therefore play a role in the eventual solution.

However, the primary motivation for studying SUGRA in these lectures is that

SUGRA can be the messenger of SUSY breaking. In section 7 we already considered

gravity as the messenger of SUSY breaking. However, we really only considered the
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effect of integrating out heavy physics at the scale MP. We did not include the effects

of the SUGRA fields, which are light! In particular, we want to explore the idea that

SUSY breaking can be communicated to the visible sector via the VEV of an auxiliary

field in the SUGRA multiplet. This auxiliary field is in some ways analogous to a D

field in SUSY gauge theory: if 〈D〉 6= 0, it will give rise to SUSY breaking for fields

that are charged under the gauge group.9 Since gravity couples universally, all fields

are ‘charged’ under SUGRA, and we might expect that this gives rise to flavor-blind

SUSY breaking. This idea can be made to work, but it turns out to be rather subtle

and we will have to develop some formal machinery before we can get to the physics.

Let us begin.

There are several different formalisms for SUGRA, all of which are related by field

redefinitions and give equivalent physical results. The simplest formulation for our

purposes is the tensor calculus approach. The basic idea of this approach is to write

off-shell supermultiplets as a collection of component fields, and to define the usual

superfield operations directly on this collection of components. For example, a chiral

multiplet is written as

Φ = (φ, ψα, F ), (9.1)

and products of chiral superfields are defined by

Φ1Φ2 = (φ1φ2, φ1ψ2α + φ2ψ1α, φ1F2 + φ2F1 + ψ1ψ2). (9.2)

SUSY invariants are defined by taking the highest components of superfields, e.g.

∫

d2θΦ = F. (9.3)

For chiral and real superfields without SUGRA, this is just a rewriting of the usual

rules for combining superfields. In the tensor calculus approach, matter and gauge

supermultiplets are coupled to SUGRA by ‘covariantizing’ the rules for combining

superfields and forming SUSY invariants. The minimal off-shell SUGRA multiplet is

(eµ
a, ψµα, Bµ, Fφ), (9.4)

where eµ
a is the 4-bein, ψµα is the gravitino field, and Bµ and Fφ are vector and scalar

auxiliary fields, respectively. In the tensor calculus approach, the SUGRA fields are

9One might wonder why we don’t try to couple an additional U(1) to the MSSM and break SUSY

by 〈D〉 6= 0. One obstacle to building a model of this kind is that the scalar masses are proportional

to U(1) charges, which must occur with both signs in order to cancel gauge anomalies. Nonetheless,

this approach may be viable [31].
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included by suitably covariantizing the usual rules for multiplying supermultiplets

and taking their highest components to define SUSY invariants. In particular, the

4-bein eµ
a is coupled according to the standard rules from general relativity.10

For SUSY breaking, interested in 〈Fφ〉 6= 0, since a VEV for Bµ would break

Lorentz invariance. The dependence on Fφ is governed by supercovariance, and is

closely related to a local (gauged) conformal invariance of the theory.

To understand this local conformal invariance, let us see how it can be introduced

in Einstein gravity without SUSY. There we can write a theory in a way that is

invariant under local scale transformations by introducing an additional real scalar.

The additional gauge symmetry can be used to gauge away the scalar, so this theory is

equivalent to ordinary Einstein gravity. We first introduce local scale transformations

acting on the metric as

gµν(x) 7→ Ω2(x)gµν(x). (9.5)

It is easy to see that the usual Einstein kinetic term is not invariant:

Γρ
µν ∼ g−1∂g ⇒ Γρ

µν 7→ Γρ
µν + O(∂Ω), (9.6)

Rµν ∼ ∂Γ + Γ2 ⇒ Rµν 7→ Rµν + O(∂Ω), (9.7)

where O(∂Ω) denotes terms with derivatives acting on Ω. Thererfore,

R = gµνRµν 7→ Ω−2R + O(∂Ω), (9.8)
√−g 7→ Ω4√−g, (9.9)

and we see that the Einstein Lagrangian
√−g R is not invariant. (Alternatively, it

is clear that the Einstein Lagrangian is not conformally invariant because it has a

dimensionful coefficient proportional to M2
P.) There is a 4-derivative action that is

invariant under local scale transformations, but there is no obvious way to make sense

out of theories whose leading kinetic term has 4 derivatives.

To make the Lagrangian invariant, we introduce a real scalar η transforming under

local scale transformations as

η(x) 7→ Ω−2(x)η(x). (9.10)

We can then write an invariant action in terms of the invariant ‘metric’

g̃µν = η gµν : (9.11)

10For a clear introduction to the 4-bein formalism of general relativity, see Ref. [32] or Ref. [24].
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∫

d4x
√

−g̃ R̃ =
∫

d4x
√−g

[

η2R− 6(∂η)2
]

. (9.12)

The signs are such that if the kinetic term for gravity has the right sign for positive

energy, the kinetic term for the scalar has the ‘wrong’ sign (negative energy). Usually,

a ‘wrong’ sign kinetic term means that the theory has a catastrophic instability to

creation of negative energy modes. However, this is not a disaster in this case, because

η is not a physical degree of freedom: it can be gauged away. In fact, this theory is

equivalent to Einstein gravity, as we can easily see by chosing the gauge

η(x) →MP. (9.13)

Eq. (9.13) is a good gauge choice as long as η is everywhere nonzero, which is good

enough for perturbative expansions.11

We have seen that we can rewrite Einstein gravity as a theory with an extra gauge

symmetry (local scale invariance) and an extra scalar field. In fact, scale invariance

implies invariance under an extended set of symmetries, the so-called conformal sym-

metries.12 The scalar field η is called the ‘conformal compensator.’

The same trick is useful in writing the SUGRA Lagrangian. This approach is called

the superconformal tensor calculus. The full group of symmetries is the superconfor-

mal tranformations, which includes scale transformations and a U(1)R symmetry.13

One writes a theory that is invariant under local superconformal transformations,

based on the superconformal supergravity multiplet

(eµ
a, ψµa, Bµ, Rµ). (9.14)

Here Bµ and Rµ are vector auxiliary fields. To break the superconformal symmetry

dowm to super-Poincaré symmetry, one introduces a superconformal compensator

supermultiplet, which is a chiral multiplet

φ = (η, χ, Fφ). (9.15)

The real part of the scalar complex field η plays the same role as the real scalar field

called η above. The dimension and R charge of are

d(φ) = 1, R(φ) = 2
3
. (9.16)

11It may be disturbing that the strength of the gravitational coupling is apparently determined by

a gauge choice. However, one must remember that only ratios of scales have physical significance.

An operator of dimension d in the lagragian will be proportional to η4−d by scale invariance, so the

value of η just sets the overall scale.
12For an introduction, see Ref. [33].
13The appearance of local scale symmetry can be understood in a deductive way in the superfield

formulation of SUGRA. For a discussion of superfield SUGRA at the level of these lectures, see

Refs. [34].
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Note the dimension is the same as the real scalar φ of Eq. (9.12), and the R charge

is such that the superpotential
∫

d2θφ3 is U(1)R invariant. To see that the theory

with the compensator is equivalent to ordinary non-conformal SUGRA, one makes

the gauge choice

φ→ (1, 0, Fφ), Rµ → 0. (9.17)

This discussion has been very sketchy. For more details, see Ref. [35].

The utility of all this formalism is that the couplings of the superfield φ, and hence

Fφ, are completely fixed by superconformal invariance. To determine the couplings

of φ it is sufficient to keep track of scale transformations and U(1)R transformations,

which are determined by the dimension d and the R charge. The basic rule is that

the Lagrangian L has d(L) = 4 and R(L) = 0. For a SUSY Lagrangian of the form

L =
∫

d4θ f +
(∫

d2θW + h.c.
)

(9.18)

this means that

d(f) = 2, R(f) = 0, (9.19)

d(W ) = 3, R(W ) = +2. (9.20)

It is convenient to choose all chiral and vector matter multiplets to have d = 0 and

R = 0. (It may appear strange to choose d = 0 for matter fields, but we will see that

we can make field redefinitions so that d coincides with the usual mass dimension.)

For a Lagrangian of the form Eq. (9.18), this implies in particular d(f) = 0, so

it is not superconformally invariant. To make it invaraint, we use the conformal

compensator. To convariantized kinetic and superpotential terms for a Lagrangian of

the form Eq. (9.18) are then

∫

d4θ φ†φ f = e
[

f |θ4 + (f |θ2 · F †
φ + h.c.)

+ f | · (F †
φFφ + 6R(g) + ψ̄i/∂ψ) + fermions

]

, (9.21)

∫

d2θ φ3W = e
[

W |θ2 +W | · (3Fφ + ψψ) + fermions
]

, (9.22)

where e = det(eµ
a) is the determinant of the 4-bein and the terms involving the

gravitino ψ have been written only schematically. Note that the constant term in

f contains a kinetic term for the 4-bein and gravitino field, and a constant term in

W contains a mass term for the gravitino. We have not written terms involving the

matter fermions, since we are interested in SUSY breaking.
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For a gauge field with field strengthWα, note that d(W αWα) = 3 and R(W αWα) =

2, so there is no φ dependence in the standard gauge kinetic terms:

∆L =
∫

d2θ S(Q)W αWα + h.c. (9.23)

The sum of Eqs. (9.21), (9.22), and (9.23) is the most general Lagrangian terms with

2 or fewer derivatives, coupled to supergravity.

Now we are (finally) ready to make our first main point. Consider a theory with

no dimensionful couplings. The Lagrangian can be written schematically as

L =
∫

d4θ φ†φQ†eVQ+

[

∫

d2θ

(

1

g2
W αWα + φ3Q3

)

+ h.c.

]

. (9.24)

It appears that this has nontrivial couplings between φ and the matter fields, the field

redefinition

Q̂ = φQ (9.25)

removes the φ dependence completely:

L =
∫

d4θ Q̂†eV Q̂+

[

∫

d2θ

(

1

g2
W αWα + Q̂3

)

+ h.c.

]

. (9.26)

Note that φ and Q are both chiral superfields, so Q̂ is also chiral. Note also that

this redefinition implies that the superconformal dimension of Q̂ coincides with its

canonical dimension, i.e. d(Q̂) = 1.

In the case of the MSSM, the only dimensionful parameter is the µ term. Coupling

this to SUGRA and using the canonical ‘hatted’ fields defined in Eq. (9.25), the SUSY

breaking part of the Lagrangian would be (assuming 〈Fφ〉 6= 0)

∆LSUSY break = µ〈Fφ〉HuHd + h.c. (9.27)

That is, SUSY is broken only by a Bµ term. This does not give rise to a realistic

model (e.g. the squarks and sleptons are much lighter than the Higgs). However,

we will see that there are important loop effects that can make this form of SUSY

breaking realistic.

The fact that Fφ decouples from a conformally invariant Lagrangian at tree level

would seem to imply that there are no supergravity corrections to the potential at

tree level. However, this is not quite correct, because the kinetic term for scalars

includes a non-minimal coupling to gravity:
∫

d4θ φ†φQ†Q = e
[

|∂Q|2 + 1
6
|Q|2R(g) + · · ·

]

. (9.28)
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This coupling means that the scalar fields in general mix with gravity. We can

eliminate the non-standard scalar couplings by a field redefinition. For a component

Lagrangian of the form

L =
√−g

[

(M2
P + f(Q))R(g) − V (Q)

]

(9.29)

we can redefine the metric

gµν = Ω2ĝµν , (9.30)

to obtain

L =
√

−ĝ Ω4
[

Ω−2(M2
P + f(Q))R(ĝ) − V (Q) + O(∂f/M2

P)
]

, (9.31)

where the omitted terms involve derivatives acting on f . Choosing

Ω2 =
M2

P

M2
P + f(Q)

, (9.32)

we obtain

L =
√

−ĝ
[

M2
PR(ĝ) − V̂ (Q) + O(∂f/M2

P)
]

, (9.33)

where

V̂ (Q) =
V (Q)

[1 + f(Q)/M2
P]2

. (9.34)

We have eliminated the non-standard couplings to gravity at the price of multiplica-

tively changing the scalar potential. This choice of definition of metric is often called

‘Einstein frame.’ The additional terms involving derivatives acting on f mean that

the new Lagrangian does not contain canonically normalized scalar fields in general.

Further field redefinitions of the scalar fields can make these canonical. When all this

is done, the expression for the potential for the canonically normalized scalar fields

with no non-standard couplings to gravity is more complicated.

If we go to Einstein frame in supergravity, the connection to scale invariance is

obscured. For purposes of understanding SUSY breaking, it is often better not to go

to Einstein frame, as we will see.

9.1 SUSY Breaking in SUGRA: Polonyi Model

In this subsection and the following two, we consider SUSY breaking in the presence

of SUGRA. Readers who are willing to take it for granted that 〈Fφ〉 will be nonzero

in the presence of SUSY breaking can skip to section 10 below.
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The Polonyi model is the simplest model of SUSY breaking, and we now consider

what happens when it is coupled to SUGRA. The Lagrangian is

L =
∫

d4θ φ†φ[−3M2
P + f(X,X†)]

+
(∫

d2θ φ3[c+ κX] + h.c.
)

. (9.35)

If the dimensionful parameters c and κ are small in units of MP we expect the SUGRA

corrections to the scalar potential to be small perturbations. In the absence of gravity,

the scalar potential is

V =
|κ|2
fX†X

, (9.36)

where fX†X = ∂2f/∂X†∂X. We assume that the Kähler function f is nontrivial so

that this potential has a nontrivial minimum in which SUSY is broken. Since the

superpotential is the most general linear function of X, we can shift the field so the

minimum occurs at 〈X〉 = 0.

To find the SUGRA corrections, we write out the terms without derivatives in the

Lagrangian

L = F †
φFφ(−3M2

P + f) + (FXF
†
φfX + h.c.) (9.37)

+ fX†XF
†
XFX

+ 3Fφ(c + κX) + h.c.

+ κFX + h.c. + · · · (9.38)

Integrating out FX , we obtain

L → − |κ|2
fX†X

+

[

−3M2
P + f − |fX |2

fX†X

]

F †
φFφ

+

[

3(c+ κX) − κfX†

fX†X

]

Fφ + h.c. (9.39)

If the dimensionful couplings in the Polonyi sector are small compared to MP, we can

approximate the coefficient of F †
φFφ by −3M2

P and write

V =
|κ|2
fX†X

− 3|c|2
M2

P

∣

∣

∣

∣

∣

1 +
κ

c

(

X − fX†

3fX†X

)∣

∣

∣

∣

∣

2

. (9.40)

Note that the SUGRA corrections to the potential are negative definite. (This is

related to the ‘wrong-sign’ kinetic term for the conformal compensator.) This is a
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crucial property that allows us to cancel the positive vacuum energy due to SUSY

breaking and obtain a ground state with vanishing cosmological constant. This re-

quires that we tune

|c|2 ≃ M2
P|κ|2

3〈fX†X〉
. (9.41)

(Note that since c ∝MP, it is a good approximation to neglect the terms proportional

to κ/c in Eq. (9.40).) Because the Kähler function f is renormalized, this is not stable

under radiative corrections. Note that if the fluctuations of X about 〈X〉 = 0 are

canonically normalized, then 〈fX†X〉 ∼ 1 and c ∼ κMP.

In this vacuum, SUSY is broken by the auxiliary fields

〈FX〉 = − κ†

〈fX†X〉 , (9.42)

〈Fφ〉 =
c†

M2
P

∼ 〈FX〉
MP

(9.43)

up to corrections suppressed by powers of 1/MP, and where we have assumed 〈fX†X〉 ∼
1 in the last relation. If we include the gravitino couplings, we find that there is also

a gravitino mass

m3/2 =
〈W 〉
MP

=
c

MP
= 〈F †

φ〉. (9.44)

This is the origin of the formulas for the gravitino mass used in the section on gauge

mediated SUSY breaking.

We see that if SUSY is broken below the Planck scale by the usual O’Raifeartaigh

(or Polonyi) mechanism, the only effect of SUGRA is to allow the fine-tuning of the

cosmological constant, and to generate a nonzero VEV for the auxiliary field Fφ.

9.2 ‘No Scale’ SUSY Breaking

The above analysis assumed that SUSY is broken in the absence of SUGRA. There is

another possibility for SUSY breaking that can only occur in the presence of SUGRA:

‘no scale’ SUSY breaking. To see how this works, consider a model of a single chiral

superfield T with Lagrangian

L =
∫

d4θ φ†φ(T + T †) +
(∫

d2θ φ3c+ h.c.
)

, (9.45)

where c is a constant. Note that T has been chosen to have dimensions of mass-

squared. This choice of Lagrangian is rather arbitrary, and in fact it is not radiatively

69



stable. We will address this below, but let us start by understanding this simple

Lagrangian.

First, note that in the absence of gravity, the Kähler term would be a total deriva-

tive. The field T acquires a kinetic term only by mixing with gravity, so this is only

a healthy theory in the presence of gravity. The terms with no derivatives are

L = F †
φFφ(T + T †) + (F †

φFT + h.c.)

+ 3Fφc+ h.c. + · · · (9.46)

Note that we have not included the Kinetic term for gravity, since this can be absorbed

into a shift of T . In order to get the right strength for gravity, we need

〈T 〉 = −3
2
M2

P. (9.47)

Varying with respect to FT tells us that Fφ = 0, and hence the potential vanishes

identically. In particular, this means that the cosmological constant vanishes. On the

other hand, the gravitino mass is nonzero:

m3/2 =
〈W 〉
MP

=
c

MP
. (9.48)

Thus, SUSY is broken with vanishing cosmological constant! This kind of SUSY

breaking is called ‘no scale’ SUGRA for historical reasons. However, the fact that the

potential vanishes identically also means that the scalar field T is completely unde-

termined. Also, the form of the Lagrangian Eq. (9.45) is not preserved by radiative

corrections.

Suppose therefore that we add a nontrivial Kähler corrections to the Lagrangian

above:

∆L =
∫

d4θ φ†φ∆f(T, T †). (9.49)

Such corrections will in any case be induced radiatively, and may play a role in the

stabilization of T . Let us treat ∆f perturbatively, and ask what are the conditions

that we get a vacuum that is ‘close’ to the one found above. It is easy to work out

that the scalar potential to first order in ∆f :

∆V = −|c|2∆fT †T . (9.50)

Therefore, if fT †T has a local maximum, the theory will have a stable minimum where

〈T 〉 is given by Eq. (9.47), as required. In this vacuum, we have (to first order in ∆f)

〈FT 〉 = −3c†, (9.51)

〈Fφ〉 = −
〈

∆fT †TFT

T + T †

〉

= −c
†〈∆fT †T 〉

3M2
P

(9.52)
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Note if ∆f is small, we can make 〈Fφ〉 as small as we want. This kind of vacuum

can be thought of as ‘almost no scale’ SUGRA. For a more complete discussion see

Ref. [36].

9.3 The SUGRA Potential

We now consider the SUGRA corrections to the scalar potential. This is important

to make contact between the approach to SUGRA taken here, which emphasizes the

auxiliary fields, and more conventional treatments which use the SUGRA corrections

to the potential as a starting point.

We consider a 2-derivative Lagrangian of the form

L =
∫

d4θ φ†φf +
(∫

d2θ φ3W + h.c.
)

, (9.53)

where f and W are functions of some matter fields Qa. In order to get the right

kinetic term for gravity, we require

〈f〉 = −3M2
P. (9.54)

The terms in the Lagrangian with no derivatives are

L = F †
φFφf + (F †

φfaF
a + h.c.) + fa

bF †
bFa

+ 3FφW +WaF
a + h.c., (9.55)

where fa = ∂f/∂Qa, fa = ∂f/∂Q†
a, etc. Solving for the auxiliary fields, we find

F †
a = −(f̃−1)a

b

[

Wb −
3fb

f
W

]

, (9.56)

F †
φ = −1

f
(3W + faF †

a ), (9.57)

where (f̃−1)a
b is the matrix inverse of

f̃a
b = fa

b − 1

f
faf

b. (9.58)

Integrating out the auxiliary fields, we find after some algebra

V = (f̃)b
a

(

Wa −
3W

f
fa

)(

W †b − 3W †

f
f b

)

− 3|W |2
f

. (9.59)
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As discussed above, this is not the potential in Einstein frame. To make the gravity

kinetic term canoncial, we define the Einstein frame metric

ĝµν = − f

3M2
P

gµν . (9.60)

The potential in Einstein frame is then

V̂ =

(

3M2
P

f

)2

V. (9.61)

Note also that the function f is not what is called the Kähler potential in the SUGRA

literature. The Kähler potnetial is related to f by

f = −3M2
Pe

−K/3M2

P . (9.62)

With these relations, Eq. (9.61) reduces to the standard expression for the SUGRA

potential (see e.g. Ref. [5]).

Let us apply these results to find the conditions for a vacuum that preserves SUSY

and has a vanishing cosmological constant. To preserve SUSY it is sufficient for all

auxiliary fields to vanish in the vacuum. The condition 〈F †
a〉 = 0 is equivalent to

Wa − 3Wfa/f = 0 provided that 〈f̃a
b〉 is a non-singular matrix. This in turn is

equivalent to the condition that W/f 3 is stationary. The condition 〈F †
φ〉 = 0 then

imposes the additional requirement that 〈W 〉 = 0. Combining these, we see that the

conditions for a SUSY vacuum with vanishing cosmological constant are

W stationary, 〈W 〉 = 0. (9.63)

Note that we can always impose 〈W 〉 = 0 by adding a constant to the superpotential.

This shows that the SUSY-preserving vacua in the presence of SUGRA with vanishing

cosmological constant are in one-to-one correspondence with the SUSY vacua in the

absence of SUGRA. In particular, the SUGRA corrections to the potential cannot

turn a SUSY preserving vacuum into a SUSY breaking one.

10 Anomaly Mediated SUSY Breaking

Now we finally have enough machinery to discuss SUGRA as the messenger of SUSY

breaking. We therefore assume that the only source of SUSY breaking comes from a

non-vanishing value of 〈Fφ〉. This can be viewed as a SUGRA background in which

we are calculating. Let us consider a SUSY model with no dimensionful couplings in

the SUSY limit. (The NMSSM is such a model, as is the MSSM if we omit the µ
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term. We will see that the µ term in the MSSM will have to be treated differently.)

As we have seen in the previous section, the fact that the there are no dimensionful

couplings means that at tree level there is no SUSY breaking felt by the matter fields.

However, at loop level scale invariance is broken by the running of the couplings. We

therefore expect SUSY breaking related to the conformal anomaly. This is called

‘anomaly mediated SUSY breaking’ (AMSB). The original papers are Refs. [37, 38].

To see how this works in a very concrete way, note that the presence of UV

divergences requires us to regulate the theory, and the regulator necessarily introduces

a mass scale, and therefore breaks conformal symmetry. For example, in a Wess-

Zumino model, we can use higher-derivative terms to regulate the theory:

L =
∫

d4θ Z0Q̂
†

(

1 +
Λ2φ†φ

)

Q̂+

(

∫

d2θ
λ

6
Q̂3 + h.c.

)

, (10.1)

where is the covariant second derivative operator. We have directly written the

Lagrangian in terms of the canonical ‘hatted’ fields defined by Eq. (9.25). The factors

of φ are required because the operator has d = 2 and R = 0. The /Λ term

modifies the propagator of the component fields in Q̂. For example, setting 〈Fφ〉 = 0

for the moment, the scalar propagator is modified

i

p2
→ i

p2 − p4/Λ2
. (10.2)

This makes loops of Q̂ fields UV convergent.14 Reintroducing 〈Fφ〉 6= 0 introduces a

small splitting between the regulated scalars and fermions required by the coupling

to the SUGRA background, but the loop diagrams are still finite. Note that we are

only regulating loops of Q̂ fields, not SUGRA loops. SUGRA loops are suppressed

by additional powers of MP, and are therefore much smaller than loop effects from

dimensionless couplings.

We now compute standard model loop corrections in the SUGRA background.

We do this (once again) by treating the couplings as superfields. At one loop, the

Q̂†Q̂ term in the 1PI effective action is logathimically divergent:

= Z0

[

1 +
λ2

26π2
ln

Λ|φ|
µ

+ finite

]

, (10.3)

where λ is the physical Yukawa coupling. Note the φ dependence in Eq. (10.3) is

required by conformal invariance. There is no φ dependence in the ‘finite’ part of the

14This regulator also introduces a ghost, i.e. a state with wrong-sign kinetic term at p2 = Λ2.

However, this decouples when we take the limit Λ → ∞ and does not cause any difficulties.
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amplitude because it is by definition independent of Λ as Λ → ∞. The divergence

(Λ dependence) must be cancelled by absorbing it into the ‘bare’ coupling Z0, but we

cannot absorb the φ dependence into Z0 because we want all SUSY breaking to be due

to the nontrivial SUGRA background. (If the superfield Z0 had some nonzero SUSY

breaking components, this would be a theory with SUSY broken in the fundamental

theory.) This means that there is some SUSY breaking left over in the finite part

after we subtract the divergence. We can view this as the replacement

lnµ → ln
µ

|φ| = lnµ− 1
2
(θ2Fφ + h.c.). (10.4)

The fact that this substitution parameterizes all the SUSY breaking is clearly more

general than than this example. The cutoff Λ and the renormalization scale µ always

appear in the combination Λ/µ, and for any real superfield coupling the correct

substitution is Λ → Λ|φ|, implying Eq. (10.4). Note also that Eq. (10.4) holds to

all orders in perturbation theory.

We can therefore compute SUSY breaking in real superfield couplings by

∂

∂θ2
= −1

2
Fφ

∂

∂ lnµ
. (10.5)

For example, the gaugino mass computed from the real superfield gauge coupling is

mλ = −g2[R]θ2 =
β(g)

2g
Fφ. (10.6)

We also have

[lnZ]θ2 = −1
2
γFφ, (10.7)

which gives rise to nonzero A terms. Finally, we have soft masses

m2 = −[lnZ]θ2θ̄2 = −1
4
|Fφ|2

dγ

d lnµ
. (10.8)

Eqs. (10.6), (10.7), and (10.8) are exact in the sense that they hold to all orders in

perturbation theory. They hold at each renormalization scale, and therefore define

the ‘AMSB renormalization group trajectory.’ As in gauge mediation, the dominant

source of SUSY breaking comes from gauge loops, and therefore the scalar masses

are flavor-blind and the model solves the SUSY flavor problem. Also as in gauge

mediation, gaugino masses arise at one loop and scalar mass-squared parameters at

two loops, so all SUSY breaking masses are of the same order:

mλ ∼ g2

16π2
〈Fφ〉, m2

0 ∼
g4

(16π2)2
〈Fφ〉2. (10.9)

74



To get SUSY breaking masses of order 100 GeV, we need 〈Fφ〉 ∼ 10 TeV.

It is very interesting that the model gives the entire superpartner spectrum in

terms of a single new parameter 〈Fφ〉, which just sets the overall scale of the super-

partner masses. Let us check the crucial sign of the scalar masses. For fields with

only gauge interactions, we have γ ∼ +g2 and therefore

m2 ∼ −gβg|〈Fφ〉|2. (10.10)

We see that if the gauge group is asymptotically free (βg < 0) the scalar mass-squared

parameter is positive. Unfortunately in the MSSM, the SU(2)W and U(1)Y gauge

groups are not asymptotically free, so sleptons have negative mass-squared. Adding

more fields can only make this worse. We cannot live on the AMSB renormalization

trajectory.

Nonetheless, it is possible to have realistic SUSY breaking from AMSB. To under-

stand this, let us consider the effect of massive thresholds in AMSB. Note that the

formulas Eqs. (10.6), (10.7), and (10.8) are claimed to hold independently of the de-

tails of the high energy theory, in particular the nature of ultrahigh energy thresholds

(e.g. at the GUT scale). Let us see how this works.

Consider some new chiral superfields P and P̃ that transform as a vectorlike repre-

sentation of the standard model gauge group, and which have a large supersymmetric

mass term

∆L =
∫

d2θMφPP̃ + h.c. (10.11)

Note that we have included the superconformal compensator in a normalization where

the fields P and P̃ have canonical kinetic terms. Because the fields P and P̃ are

charged, the gauge beta functions will have different values above and below the scale

M , so the SUSY breaking masses above and below the scale M are different. To

understand this, note that the P threshold is not supersymmetric because of the φ

dependence. Because of this, there is a gauge-mediated threshold correction at the

scale M , with

F

M
= Fφ. (10.12)

For example, for gaugino masses, the threshold correction is (see Eq. (8.18))

∆mλ =
∆βg

2g
Fφ. (10.13)

Adding this to the AMSB value above the threshold, we find that the gaugino mass

below the threshold is precisely on the AMSB trajectory below the threshold.
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Another way to understand this point is to consider again the superfield couplings.

The holomorphic gauge coupling superfield τ below the threshold M is given by

τ(µ) = τ0 +
b′

16π2
ln
M

Λ
+

b

16π2
ln

µ

M

→ τ0 +
b′

16π2
ln
Mφ

Λφ
+

b

16π2
ln

µ

Mφ
. (10.14)

where b and b′ are the beta function coefficients below and above the scale M , re-

spectively. (The notation is the same as in section 8.) We see that the φ dependence

induced by Λ and M exactly cancel in the contribution from above the scale M . The

gaugino mass below the scale M is correctly given by the substitution µ → µ/φ, just

as if the threshold did not exist. We can think of M as the new cutoff.

The fact that AMSB is independent of thresholds is very striking, and makes the

theory very predictive. Unfortunately, we have seen that it is too predictive, and is

ruled out by negative slepton mass-squared parameters.

This discussion however suggests a way out. If a heavy threshold is not supersym-

metric, the cancelation discussed above no longer occurs, and we can be on a different

RG trajectory below the threshold. If the F/M of the threshold is much larger than

Fφ, we have gauge mediation, and if it is much smaller it is irrelevant. The only

interesting case is where F/M ∼ Fφ, and we would like this to occur naturally.

A very simple class of models where this occurs was first discussed in Ref. [39].

Consider a theory with a singlet S in addition to the vectorlike fields P and P̃ , with

superpotential terms

∆L =
∫

d2θ

[

λSP P̃ +
Sn

(Mφ)n−3

]

+ h.c. (10.15)

The potential for S is

V = M4

{

n2

∣

∣

∣

∣

S

M

∣

∣

∣

∣

2(n−1)

+

[

(n− 3)
(

S

M

)n Fφ

M
+ h.c.

]}

. (10.16)

Minimizing the potential we find

(

〈S〉
M

)n−2

=
n− 3

n(n− 1)

〈Fφ〉
M

. (10.17)

From this we see that

〈FS〉
〈S〉 =

n− 3

n− 1
〈Fφ〉. (10.18)
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For n > 3 and M ≫ 〈Fφ〉, Eq. (10.17) implies that 〈Fφ〉 ≪ 〈S〉 ≪ M , while

〈FS〉/〈S〉 ∼ 〈Fφ〉. Because the coefficient in Eq. (10.18) is different from unity, the

theory will not be on the AMSB trajectory below the threshold. These theories can

be viewed as a combination of gauge and anomaly mediation. We can obtain a real-

istic SUSY breaking spectrum in this way (in particular, the slepton masses can be

positive). See Ref. [39] for more details.

There are also other ways proposed in the literature to make AMSB realistic.

One class of models is similar to the proposal discussed above, in that they have an

additional ‘gauge mediated’ contribution to SUSY breaking that is naturally the same

size as the AMSB contribution [40]. For a very different approach, see Ref. [41].

10.1 The µ Problem in Anomaly Mediation

The µ problem is more severe in AMSB because we cannot simply add a conventional

µ term of the form

∆L =
∫

d2θ µφHuHd + h.c. (10.19)

The reason is that the explicit breaking of conformal invariance means that

Bµ = 〈Fφ〉µ, (10.20)

which is far too large for 〈Fφ〉 ∼ 10 TeV.

One possiblility is the NMSSM, discussed in subsection 5.10. This has no dimen-

sionful couplings, and therefore this problem is absent. The effective µ term arises

from a VEV for the singlet 〈S〉, which is ultimately triggered by AMSB itself. Given

the fact that this

Another possibility was pointed out in Ref. [37]. If there is a chiral superfield X

with a shift symmetry X 7→ X+constant, then the µ term can arise from an operator

of the form

∆L =
∫

d4θ
φ†

φ

1

M
(X +X†)HuHd + h.c. (10.21)

Assuming 〈X〉 = 0, we have

∆L =
∫

d2θ
F †

X

M
HuHd + h.c. (10.22)

i.e. we generate a µ term with no Bµ term. The Bµ term can come from AMSB in

this model.

Yet another possibility to generate the µ term from the VEV of a singlet is de-

scribed in Ref. [39].
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10.2 Anomaly-Mediated Phenomenology

Since the theory cannot be on the AMSB trajectory at low energies, the low-energy

phenomenology depends on how these problems are resolved. Discussions can be

found in the original papers, quoted above.

We do want to point out, however, that these theories share the fine-tuning prob-

lem of gauge mediated SUSY breaking, since scalar masses arise from 2-loop gauge

diagrams, and therefore

m2
q̃

m2
ẽR

∼ Ncg
4
3

g4
1

. (10.23)

10.3 Naturalness of Anomaly Mediation

So far we have not addressed the question of whether it is natural for the theory to be

on the AMSB trajectory. What we would like is to have a theory that breaks SUSY

spontaneously in a hidden sector in such a way that the breaking is communicated

to the observable sector dominantly through the SUGRA conformal compensator.

As we have seen in subsections 9.1 and 9.2, spontaneous SUSY breaking in SUGRA

generally gives

〈Fφ〉 <∼
F0

MP

, (10.24)

where F0 is the primordial SUSY breaking scale. Generally, F0 = 〈FX〉, where X is

some chiral superfield. In this case, we expect the effective theory to contain operators

of the form

∆L ∼
∫

d4θ
1

M2
P

X†XQ†Q (10.25)

where Q are standard model fields. As already discussed in section 7, these couplings

have the quantum numbers of a product of kinetic terms, and cannot be forbidden

by any symmetries. We therefore expect them to be present in any UV completion

of the theory at the Planck scale. This gives rise to scalar masses of order

m2 ∼ 〈FX〉2
M2

P

, (10.26)

which is much larger than the AMSB value. (Furthermore, there is no reason for the

term Eq. (10.25) to conserve flavor, so we expect the masses to give rise to FCNC’s.)

If we consider all the other possible terms coupling the visible and the hidden sector
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suppressed by powers of MP (see Eq. (7.2)), we find that they can all naturally be

absent due to symmetries. Therefore, the viability of anomaly mediation depends

on whether there are sensible models where the couplings Eq. (10.25) are naturally

absent.

A simple rationale for this was given in Ref. [37]. The idea is that the hidden and

visible sectors are localized on ‘branes’ in extra dimensions.15 That is, the standard

model matter and gauge interactions are localized on the visible brane, and the SUSY

breaking sector is localized on the hidden brane. In fact, this type of setup naturally

occurs in string theory, e.g. in the setup of Ref. [42]. In the higher-dimensional theory,

interactions like Eq. (10.25) are fobidden because X and Q are localized on different

branes, so the interaction is not local. Fields that propagate in the bulk can give

rise to interactions between X and Q, so we must check whether interactions like

Eq. (10.25) are generated in the 3 + 1 dimensional theory below the compactification

scale R−1, where R is the distance between the visible and hidden branes. If the

scale of new physics is M (e.g. the string scale), then for R ≫ M−1 the propagator

of a massive field (e.g. and excited string state) connecting the visible and hidden

branes is suppressed by the Yukawa factor e−MR ≪ 1. (Since the suppression factor

is exponential, R >∼ few ×M−1 is sufficient in practice.) Therefore, operators like

Eq. (10.25) are not generated by the exchange of massive states. This leaves only the

effect of fields that are light compared to the compactification scale. Only supergravity

must propagate in the bulk, so the minimalthe minimal light fields in the bulk are the

minimal 5D SUGRA multiplet. It was shown in Ref. [43] that this does not generate

terms of the form Eq. (10.25). For details, see Refs. [37, 43]. In this setup, the SUSY

breaking sector is ‘more hidden’ than in conventional hidden sector models, and is

sometimes referred to as a ‘sequestered sector.’

Another way to make this natural is to replace the extra dimension in the setup

above with a conformal field theory via the AdS/CFT correspondence. For a discus-

sion of this ‘conformal sequestering,’ see Ref. [44].

11 Gaugino Mediation

The final model we will mention (very briefly) is gaugino mediation. Like anomaly

mediation, this can be motivated by an extra-dimensional setup. This time we assume

that the standard-model gauge fields propagate in the bulk, while the matter fields

15We will not go into details here, but will just state the main ideas. For an introduction into

many of the technical and conceptual issues in theories with extra dimensions and branes, see the

lectures by Raman Sundrum at this school.
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are localized on the visible brane. In this case, the gauginos can get a mass from

contact terms on the hidden brane of the form

∆L ∼
∫

d2θ
X

M
W αWα + h.c., (11.1)

where X is the hidden sector field that breaks SUSY. In this type of model, the

gaugino gets a mass at tree level, while the visible matter fields get a mass only

at one-loop order. This means that the gaugino masses are much larger than scalar

masses at the compactification scale, but the RG between this scale and the weak scale

generates scalar masses of order the gaugino masses. This scenario is called ‘gaugino

mediated SUSY breaking’ for obvious reasons. The original papers are Refs. [45].

Note that gaugino mediation shares the fine-tuning problem of gauge- and anomaly-

mediation. In a GUT model, we expect that the gaugino masses are unified at the

GUT scale:

M1(MGUT) ≃M2(MGUT) ≃M3(MGUT). (11.2)

(Even if there are GUT breaking splittings, we expect M1 ∼ M2 ∼ M3, which is

sufficient for our argument.) Since the quantity Mi/g
2
i is RG invariant at one loop,

at the weak scale we have
M1

g2
1

≃ M2

g2
2

≃ M3

g2
3

. (11.3)

The scalar masses are generated from the RG equation

dm2

dt
= − c

2π2
g2m2

λ. (11.4)

Using the fact that m2
λ/g

2 is RG invariant, we have the solution

m2(µ) =
2c

b

[

g4(µ) − g4(MGUT)
]

(

mλ

g2

)2

, (11.5)

where we have assumed that m2(MGUT) ≪ m2(µ). We therefore have

m2
q̃

m2
ẽR

∼ Ncg
4
3

g4
1

(11.6)

just as in gauge mediation and anomaly mediation.

12 No Conclusion

There is much more to say, but I will stop here. I hope that I have introduced some

of the problems and issues with SUSY breaking, as well as introducing some ideas

that may point in the right direction. I hope that some of the readers will be inspired

by these lectures to go beyond them.
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