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1. Introduction: supersymmetry and the landscape

Supersymmetry and/or technicolor have long been advocated as possible solutions to the

hierarchy problem. But our failure to understand the cosmological constant, from the be-

ginning, raised the nagging worry that there might be other explanations of apparent fine

tunings. String theory made low energy supersymmetry seem more plausible; string/M

theory is replete with solutions with N = 1 supersymmetry to all orders in various ex-

pansion parameters. But for many years, the failure to find isolated vacua (and again

to understand the cosmological constant) left considerable uncertainty as to whether low

energy supersymmetry might be an outcome of string theory.

For better or worse, we have, at present, only one concrete proposal to understand

the apparent small value of the cosmological constant, Λ, what Weinberg has dubbed the

“weak anthropic principle” [1] (more recently, Weinberg’s specific implementation has been

called the “structure principle” in [2]). This is the idea that there is a vast “landscape”

of possible stable or metastable ground states of the system, in which the cosmological

constant takes on a “discretuum” of values. Weinberg (and subsequently [3]) argued that
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while different regions/periods of the universe might exist in different states, only those

with sufficiently small Λ would lead to cosmological formation of complicated structure.

Various suggestions as to how a landscape might arise have been made through the

years. The most detailed and plausible implementation of this program to date has been

provided by KKLT [5]. These authors studied compactifications of string theory on Calabi-

Yau spaces with fluxes. They noted that the presence of fluxes typically fixes the complex

structure moduli, and argued that generically various effects would fix the Kahler moduli

as well (further studies of the stabilization of Kahler moduli appear in [6]). In the simplest

version, the states are supersymmetric, with AdS supersymmetry. However, they noted

that states with broken supersymmetry are likely to exist, at the same level of analysis.

There has been much handwringing about the question of whether such a picture can

in any sense be viewed as science. It is not clear, for example, that a priori predictions (and

falsification) are possible. Douglas has advocated a statistical analysis of string vacuum

states, and has initiated such an effort with various collaborators [12, 11] as has Kachru

and collaborators [7, 8]. In [9], some of the present authors considered a number of issues

which the landscape must confront. Some cautionary notes about the very existence of

the flux discretuum were advanced. But accepting the picture suggested by effective field

theory at face value, it was argued that the flux discretuum might well be falsifiable, and

at the same time, might be predictive. It was stressed that within the flux discretuum,

all of the parameters of low energy physics — the particle content, gauge groups, coupling

constants, etc., vary as one moves around in the landscape. As a result, the question

which Weinberg raised is enlarged and sharpened. We might imagine, for example, that

the hierarchy has the value it has because only if the weak scale is close to its current

value, can the sort of complex astrophysics and chemistry required for life arise. This sort

of weak anthropic reasoning might also explain the values of other constants, such as the

gauge couplings. But it was also noted that there are many parameters of low energy

physics which do not have any obvious implication for the existence of observers. These

should either be random variables, typical of the distribution, or they should be determined

by some underlying principles. While the sharpest potential conflict is provided by the

small value of θQCD, the masses and mixings of the heavier quarks, the weak gauge group,

and some cosmological parameters are also puzzling. Possible problems with symmetry

explanations and light moduli were discussed.

But if one closes ones eyes to this set of worries, there is an interesting possible pre-

diction: low energy supersymmetry with visible sector superpartner masses at or near the

weak scale. Given that SUSY effective field theories are inherent to the KKLT construc-

tion, one might imagine that this is the easiest — and most urgent — question to address.

In the spirit of the program which has been pursued by Douglas et al and Kachru et al,

one must ask whether the vast majority of states with, say, small cosmological constant

and a hierarchy between the weak and Planck scales might have supersymmetry broken

at comparatively low energy. A tentative argument — scenario might be a better word

— along these lines was put forward in [9]. This scenario has been criticized in [13 – 15].

In this note, we sharpen the argument that low energy SUSY is a likely outcome of the

landscape. Reviewing studies of the landscape done to date, we outline several scenarios
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for more detailed phenomenologies. These include a rather standard hidden sector super-

gravity scenario and a special case of the proposal of of [2] (which is in fact quite close

to a proposal put forward long ago in [16]). But we argue that with some rather mild

assumptions about discrete symmetries in the landscape, supersymmetry breaking at the

lowest possible scales is favored (i.e. something like gauge mediation).

In the next section, we briefly review the KKLT analysis, focusing on the nature of the

approximation, and on distinguishing supersymmetric and non-supersymmetric states. In

particular, we will explain the sense in which supersymmetry, if unbroken at lowest order

in a certain small parameter, remains unbroken to all orders. Supersymmetry breaking,

then, must be a feature of the non-perturbative dynamics of the light fields. This implies,

we will argue, a distribution of supersymmetry breaking scales which is roughly flat on a

logarithmic scale. In the following section, we will discuss selection issues. We argue, quite

generally, that quantities which are not subject to anthropic constraints must be typical

of the distributions. We review why quantities such as θQCD do not seem typical of the

flux discretuum. But laying this concern aside, we put forward a pragmatic approach to

the anthropic principle. We will argue that there are a number of quantities which could

well be anthropically constrained — the cosmological constant, the dark energy density,

the baryon to photon ratio, the gauge couplings, the light quark masses, and others. It

is probably beyond our present capabilities in science to claim that observers exist only

at one (or a few) points in this parameter space. Instead, as we explain in section three,

we will take the point of view that nature has done the analysis correctly. We will simply

require that the cosmological constant, the weak scale, the dark energy density and so on

lie near their observed values (we refer to this as the “Pragmatic Anthropic Principle”).

The question of predicting supersymmetry is then the question: are the vast majority of

states which satisfy these constraints approximately supersymmetric (in the sense of low

energy supersymmetry).

In the fourth section, we will impose the constraints on the cosmological constant and

weak scales. We will see that in the KKLT version of the landscape, small cosmological

constant and dynamical supersymmetry breaking leads to a distribution of supersymmetry

breaking scales that is roughly uniform on a logarithmic scale. Low energy supersymme-

try is not particularly favored, but neither is it disfavored. However, requiring also that

the Higgs mass be near its observed value strongly disfavors supersymmetry breaking at

scales larger than the intermediate scale, provided the µ term vanishes in the leading ap-

proximation. We argue that the cost of a vanishing µ term might not be severe. But we

also conjecture that there is likely to be a large set of states in which, in the leading ap-

proximation, supersymmetry is unbroken with W = 0, as a result of discrete symmetries.

Dynamical supersymmetry breaking in some of these states leads to a quite different dis-

tribution of cosmological constants. If such symmetries are not too rare on the landscape,

supersymmetry breaking at the lowest possible energies is overwhelmingly favored.

Section five is devoted to enumerating pathways to phenomenology based on these

observations. Very low energy supersymmetry breaking is suggestive of gauge mediation.

But the higher scale breaking which seems to result from the KKLT vacua also suggests

interesting possibilities. We note that the KKLT version of the landscape has a cosmological
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moduli problem, if the supersymmetry breaking scale is low. The Kahler moduli are fixed in

the KKLT story, but in states with small cosmological constant and small supersymmetry

breaking scale, their masses are comparable to m3/2. Obtaining an acceptable dark matter

spectrum then argues against a very low scale for supersymmetry breaking (less than

the intermediate scale). In this version of the landscape, we suggest, the most plausible

explanation for the dark matter density is that the moduli are heavy, with masses of

order 100 TeV. We review an old argument why in a large class of models, dynamical

supersymmetry breaking at intermediate scales leads to an anomaly mediated spectrum

for gauginos (but not squarks and sleptons) [16]. This is, in fact, one of the scenarios

advocated recently by Arkani-Hamed and Dimopoulos [2]. Another class of models leads

to a more conventional picture (but with the usual problems of flavor changing processes).

Up to this point, we have contrasted supersymmetric states with non-supersymmetric

states without any special features (what we might call “randomly broken supersymme-

try”(RBSs)). References [13, 8] suggest that many of the flux vacua lie near conifold points.

This raises the prospect that hierarchies may arise through warping. Reasons to think that

warping or low energy supersymmetry might predominate are enumerated. We note, in par-

ticular, that stationary points with low energy supersymmetry are necessarily local minima

of the moduli potential, while this is not the case for non-supersymmetric conifolds.

In the conclusions, we try to enumerate a set of questions which, if answered, would

settle the question of whether low energy supersymmetry breaking, warping, or RBSS

might emerge from the landscape. We explain that many of these questions are accessible.

If low energy supersymmetry is favored, it may even be possible to determine which if any

of the pathways we have listed is favored. We stress that not only may the landscape be

predictive, it may be falsifiable. We also stress that within the landscape, conventional

notions of naturalness are sharpened, not abrogated.

2. Supersymmetric and non-supersymmetric vacua in the flux discretuum

We will take the KKLT analysis as our model for determining parameters in the discretuum.

Clearly we do not understand the theory well enough to say that the KKLT states exist,

much less that they are typical. But this gives us a concrete framework in which to work,

and to explore possible scenarios.

KKLT imagine self-consistently fixing the values of the moduli. They first integrate

out Kaluza-Klein modes, and study an effective action for complex structure and Kahler

moduli. They then show that the superpotential can fix all of the complex structure mod-

uli. Integrating out these fields, leaves an effective action for the Kahler moduli (which we

denote generically by R). This analysis is reliable provided that the compactification radii

are large. A crucial parameter in this action is Wo, the expectation value of the superpoten-

tial. They argue that non-perturbative effects in this action in R (i.e. exponentially small

for large R) will fix the remaining Kahler moduli, R ∼ − ln(Wo). So the approximation

may be reliable precisely in the limit of small Wo, which we will see is the regime in which

low energy supersymmetry breaking may be important.
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In the simplest version of this story, supersymmetry is unbroken at this stage. The

small parameter is Wo; it determines the radii and the masses of the Kahler moduli. Large

values of fluxes can also serve as small parameters. In the discretuum, Wo can be argued

to be distributed roughly uniformly as a complex variable [5, 13]. Corrections to this

approximation will not generate SUSY-breaking F or D terms for the moduli. This follows

from an argument given long ago by Witten [26] (suitably generalized to AdS spaces):

in order that supersymmetry be broken spontaneously, it is necessary that there exist a

massless particle which can serve as the Goldstino (longitudinal mode of the gravitino).

If supersymmetry is broken spontaneously, this must be due to the dynamics of other light

fields, as in field theories which exhibit dynamical supersymmetry breaking.

KKLT went on to consider some possible mechanisms for supersymmetry breaking, in

particular by considering configurations with anti D3 branes. But for our purposes, what is

important here is that there is no reason to think there are many more non-supersymmetric

than supersymmetric vacua at this level of approximation.

Within theories in which supersymmetry is broken at lowest order, Douglas has argued

that supersymmetry breaking is likely to occur at the shortest distance scales [14]. A similar

argument has been made by Susskind [15]. Indeed, for such states, it seems likely that the

overwhelming number of states have supersymmetry broken at the Planck scale, so there

are simply far more states with small cosmological constant and large SUSY breaking than

with small SUSY breaking.

But as long as the number of supersymmetric states is at least comparable to the num-

ber of non-supersymmetric states, we would argue that these are by far the most important.

Our experience with supersymmetric field theories would suggest that dynamical super-

symmetry breaking is common. Indeed, if the landscape has anything to do with nature,

chiral gauge theories must occur frequently, and such theories often break supersymmetry.

Supersymmetry breaking scales in these states are likely to be distributed uniformly on a

log scale. We will argue shortly that this dynamical breaking is likely to provide far more

states that satisfy our anthropic requirements than the (random) non-supersymmetric ones

with tree-level breaking.

Of course, there could be other constructions of some type which produce overwhelm-

ingly more states with broken supersymmetry. Fortunately, these are questions we might

realistically hope to answer over time. For now, our working assumption will be that this

is not the case.

3. A pragmatic approach to the anthropic principle

The anthropic principle, whatever ones attitude towards it, is difficult to implement in

practice. Even the seemingly simple question of the cosmological constant raises troubling

issues. For example, if one only requires the formation of structure, and if one allows the

dark matter density or the baryon to photon ratio or the amplitude of initial perturbations

to vary, there is a huge range of allowed values of the cosmological constant [17]. We will

see quite explicitly in our subsequent discussion that these quantities can all vary wildly in

the landscape. It is possible that more complicated considerations involving the detailed
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nature of galaxies and stars sufficiently constrain the parameter space that all of these

quantities are fixed. Similar statements apply to various microscopic quantities, such as

the QCD scale, the light quark masses, and so on.

Our approach to selection will be pragmatic (we will refer to this as the Pragmatic

Anthropic Principle, PAP). We will assume that nature has implemented the anthropic

principle correctly, and that all quantities which might plausibly be anthropic are fixed

by some set of considerations to be close to their present values (say within 10% or so).

Specifically, we will assume that the following are fixed:

1. The cosmological constant

2. The ratio of the weak scale to the Planck scale

3. The QCD scale and the gauge couplings

4. The dark matter density

5. The baryon to photon ratio

6. The primordial fluctuation spectrum

The question is: granted this set of assumptions, is it possible to make predictions in the

landscape; equivalently, is the landscape falsifiable.

There are, as we have argued elsewhere, a number of quantities for which it is difficult

to conceive of anthropic arguments. One example is the QCD θ parameter [18]. In the

KKLT version of the landscape, it is necessary that the small value of θQCD somehow be

correlated with some other anthropic requirement. Perhaps, for example, it is necessary

that axions provide the dark matter. This might explain the presence of a light axion.

Perhaps, for example, some modulus is not fixed as in KKLT, but instead is only stabilized

by low energy dynamics, leaving a light axion; this might be selected for by cosmological

considerations. Another possibility, is that an R-axion common to many models of dy-

namical supersymmetry breaking acts as the QCD axion. By itself, neither of these ideas

is adequate to explain the smallness of θQCD, however. Additional discrete symmetries, or

something else, are probably required. It is quite possible that the whole landscape picture

might be falsified on such grounds. For now, we will assume that there is a solution of this

and similar problems. We will focus, instead, on supersymmetry. Since supersymmetry is

an essential feature of the KKLT construction (and most string constructions), it would

seem that the question of low energy supersymmetry would be the most straightforward

to settle. Douglas and Susskind have argued that there is no prediction of low energy

supersymmetry in the landscape.1 If this is the case, it is quite disappointing. It would

suggest that the landscape may make no distinctive verifiable predictions, and that we have

no theoretical or experimental access to the questions we have long viewed as fundamental

in particle physics. But as we have explained, this argument is based on looking at a set

1More recently, both authors have realized that low energy dynamical breaking might allow such a

prediction.
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of states which are not likely to be particularly important (but they are, as Douglas has

stressed, the states for which the most straightforward analysis is currently possible).

4. Is supersymmetry a feature of the landscape?

4.1 Supersymmetry and discrete symmetries

The landscape, whether it leads to supersymmetry or not, almost certainly requires discrete

symmetries to be consistent with the requirements we have enumerated above. For example,

the authors of [19] list a minimal extension of the Standard Model to account for the

requirements given above. This minimal model includes a light, stable scalar which serves

as the dark matter. This particle is assumed stable due to discrete symmetries (and it is

light through tuning). An alternative dark matter candidate would be an axion, but if the

axion is to be sufficiently light without extraordinary fine tuning (and, again, it is not clear

what anthropic consideration would require this), one needs elaborate discrete symmetries.

Other features of the low energy theory probably require symmetries as well.

In the case of supersymmetry, the need for discrete symmetries is at least as urgent.

As noted in [9], anthropic considerations do not account for the long life of the proton,

so something analogous to R-parity is probably required. Discrete symmetries might also

be required to understand the smallness of the µ term (it would be interesting to know

whether, as in weakly coupled strings, light fields arise in the flux discretuum without such

symmetries). As we will discuss later, in warped scenarios, the need for discrete symmetries

may be more urgent.

Discrete symmetries are ubiquitous in weakly coupled strings. Typical toroidal or

Calabi-Yau compactifications have large discrete symmetry groups at points in the moduli

space. It is clear that they can also arise in the landscape, but that there is some price

to be paid; in the flux vacua, some number of fluxes must vanish. In [9], some simplified

models were examined in order to see what fraction of states might be expected to possess

useful discrete symmetries. The results were not conclusive, and the models not sufficiently

realistic to make a reliable assessment. Kachru and collaborators are currently examining

this question in more realistic models, and tentatively conclude that the price is not high

(i.e. not a huge exponential factor) [20].

4.2 Is supersymmetry favored

In [9], a scenario was outlined in which low energy supersymmetry might emerge as a pre-

diction of the landscape. Here we will consider this type of argument in more detail. As

stressed above, our focus will be on dynamical supersymmetry breaking in the supersym-

metric states of KKLT. This was, in fact, the focus of [9]. We will see that the argument

given there that a uniform distribution of Wo along with the constraint of a small cos-

mological constant favors low energy supersymmetry is not correct. Instead, with these

assumptions one predicts that the supersymmetry breaking scale has a flat distribution on

a logarithmic scale.

We model dynamical supersymmetry breaking by supposing that the scale of super-

symmetry breaking is µ2 = e−8π2/g2

. In addition, we suppose that the distribution of g2
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is reasonably flat [13].2 This is in fact the case for vacua near a conifold for which the

distance from the conifold point is dual to a scale generated dynamically by dimensional

transmutation [13, 8]. We want to ask the probability that Λ < Λo (to simplify, we will

take the cosmological constant to be positive). We suppose that

Λ = µ4 − 3|Wo|
2 (4.1)

where Mp = 1, and for the observed value of the vacuum energy m3/2 ∼ |Wo|. Calling

F1(Λo) the fraction of states with Λ < Λo, PW (Wo) the probability density for Wo, and

Pg2(g2) the probability density for the appropriate coupling, we have:

F1(Λ < Λo) =

∫ Wmax

0
d2WoPW (Wo)

∫ ln(|Wo|2+Λo)

ln(|Wo|2)
d(g2)Pg2(g2) (4.2)

≈

∫ Wmax

0
d2Wo

Λo

|Wo|2
PW (Wo)

1

ln Wo
2 Pg2(−1/ ln(Wo)) (4.3)

So we see that if PW is reasonably flat near the origin, as is Pg2 then this condition, by

itself, predicts a distribution of supersymmetry breaking which is flat on a log scale. Note

that the prefactor in the second line of (4.2) for the total fraction of vacua with vacuum

energy Λ < Λo is the vacuum energy Λo itself. So the tuning associated with the observed

value of the vacuum energy for this class of vacua with uniformaly distributed Wo and

dynamically broken supersymmetry is then roughly Λo ∼ 10−120 per decade.

Considering the question of the gauge hierarchy, however, does strongly disfavor very

large values of Wo. Now, if the vacuum energy and weak scales are uncorrelated, we

might expect that the fraction of states with fixed Higgs mass mH for Wo ∼ m3/2 ≫ mH ,

would be suppressed by at least
m2

H

W 2
o

because of the requisite tuning of the Higgs potential.

However, for m2
HMp <∼ Wo <∼ mHM2

p there is not necessarily any additional tuning since

for any Wo in this range there is in principle always some messenger sector which gives mH

of order the electroweak scale. So if we call F2 the fraction of states with a suitable Λ and

Higgs mass: F2(Λ < Λo; 10 GeV < mH < 1 TeV), say, this looks like:

F2(Λ < Λo; 10 GeV < mH < 1 TeV) ∼

{

Λo

∫ Wmax

Wint
d2Wo

TeV2

|Wo|4
Wo > Wint

F1(Λ < Λo) Wo < Wint

where Wint ∼ m3/2M
2
p is the intermediate scale. So supersymmetry breaking well above

the intermediate scale is strongly disfavored. Distinquishing a prefered supersymmetry

breaking scale within the range m2
HMp <∼ Wo <∼ mHM2

p requires answering the harder

question of what type of messenger sectors are most common on this part of the landscape.

4.3 A possibility for a huge enhancement

In flux vacua constructions, the distribution of vacua is roughly uniform in Wo once the

moduli are fixed. From the point of view of obtaining models with a controlled approxi-

mation, a small non-zero W is a virtue, because it leads to large values of the radii, and

2We thank M. Douglas and L. Susskind for discussions of this point.
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showing that some fraction of states had this property was one of the successes of KKLT.

However, there may well be a substantial subset where Wo vanishes, due to an unbroken,

discrete R-symmetry (supersymmetry is still preserved). In such vacua, the Kahler mod-

uli will generically be of order one and there are no obvious small parameters. But one

expects that dynamical supersymmetry breaking in the low energy theory will sometimes

generate both non-vanishing F (and D) terms, as well as a non-vanishing W . If there are

a discretuum of such states, then it is potentially much easier to cancel the cosmological

constant than in the states with a flat distribution of Wo. Here it is helpful to put back

the Planck scale, and note that if µ is the dynamical scale,

|DW |2 ∼ µ4; 3|W |2 ∼ µ2M2
p . (4.4)

These terms are of the same order if µ2 ∼ m3/2Mp, i.e. for intermediate scale supersym-

metry breaking (this is a point which T. Banks has stressed for many years). So, roughly

speaking, among states with intermediate scale dynamical supersymmetry breaking and

vanishing Wo, a fraction Λ
M4

int

have suitable cosmological constant, as opposed to Λ
M4

p
. This

is a huge advantage for these states, and may well win over the suppression required to

obtain such a discrete symmetry.

But in fact, this sort of reasoning inevitably suggests that supersymmetry should be

broken at the lowest possible scale. Suppose, for example, that in addition to the super-

symmetry breaking sector, the theory contains another strongly interacting gauge theory

which dynamically breaks the R-symmetry but not supersymmetry (as gluino condensa-

tion does). This will generate a constant superpotential, with a distribution essentially flat

on a log scale. So if µ is the supersymmetry breaking scale, cancelling the cosmological

constant favors low µ by µ−4, modulated by logarithms of µ. This would tend to favor a

phenomenology more like gauge mediation. For regions of the landscape with both W and

DW generated dynamically the fraction of such states with small enough cosmological con-

stant and appropriate weak scale could be as large as 10−60 for a supersymmetry breaking

scale just above the weak scale, modulo any suppressions for additional symmetries, etc.

This would be one strong selection principle in favor of discrete R symmetries, broken

or partially broken only at scales well below the Planck scale. Apart from the question of

the cosmological constant, this could also be relevant to proton decay, the µ problem, and

dark matter.

5. Paths to a detailed phenomenology

5.1 Gauge mediation

In the previous section, we have seen that supersymmetry breaking at the lowest possible

energies (consistent, presumably, with various selection criteria and also the existence of

an adequate density of states) is likely to be favored in the landscape. If this is actually

the case, then something like gauge mediation seems the most likely outcome. This is in

some sense a positive and exciting result, but it raises concerns. It is positive in that it

provides the simplest explanation of how problems of flavor might be resolved in the land-

scape context. But it is troubling because gauge mediated scenarios at this stage tend to
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be somewhat tuned. One question is whether some selection criteria such as the ones listed

in section 3 might explain some of this tuning when convoluted with features of the distri-

bution of states on the landscape. We will not provide any answer to this question here.

In the rest of this section, we outline two other plausible scenarios for supersymmetry

phenomenology. The first one has gauginos in the TeV energy range, but scalars at 100’s

of TeV or more (similar to one of the proposals in [2]). The second is a more conventional

supergravity scenario. We should stress that it is possible that the landscape, as it is

better understood, will make predictions which one can reliably say are in gross conflict or

agreement with experiment.

5.2 KKLT and the moduli problem

If we take literally the construction outlined by KKLT, then coupled with a prediction of low

energy supersymmetry, we also encounter a moduli problem. In the KKLT construction,

the Kahler moduli (radii, etc.) are of order:

R ≈ −c ln(Wo) (5.1)

and their masses are of order Wo. So the masses of the complex structure moduli, in

this class of models are of order m3/2. Such models will then, potentially, have a moduli

problem. If m3/2 is very small, as in low energy gauge mediation, such moduli would be

particularly problematic. The PAP is likely to heavily disfavor such states.3 If m3/2 is

of order TeV, one has a more conventional moduli problem; this moduli problem would

be solved if the moduli masses were 100 TeV or so. We will see in the next subsection

how such a picture might plausibly emerge from the landscape, and lead to an interesting

phenomenology.

On the other hand, KKLT’s requirement of large R came, in part, from requiring

calculability. But this is not something that nature requires, and we might imagine that,

for generic superpotentials, the Kahler moduli will also be fixed at small radii and large

mass. In particular, KKLT took the superpotential to include only a single exponential in

these radii, but this is unlikely to be the complete superpotential. In the radii are small

and masses are large, there would be no moduli problem. As we will discuss below, this

leads to more conventional supergravity scenarios (with their potential flavor problems).

5.3 A higher energy scenario

In this section, we will again take the KKLT construction literally. As we just noted, these

vacua potentially suffer from a moduli problem. The Kahler moduli, in particular, have

masses of order Wo.

In the context of “gravity mediation”, the question of obtaining intermediate scale

breaking dynamically was first addressed in [21]. These authors noted that one could

readily couple a theory exhibiting DSB to supergravity, and obtain masses for scalars. At

3We certainly don’t know how to treat this problem completely, but requiring, for example, that the

initial values of the fields be sufficiently small that the moduli don’t dominate the energy before the usual

time of matter-radiation equality could easily cost a factor of 1012.
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that time, the known models of DSB did not contain singlet fields, so it was is difficult to

obtain gaugino masses. Subsequently, it was realized that anomaly mediated contributions

to gaugino masses [16] would arise at one loop, but it was argued that such models would

be finely tuned, given the experimental constraints on the gaugino masses and the value of

the weak scale. It was also subsequently recognized that it is possible to construct models

of dynamical supersymmetry breaking with singlet fields [27]. However, theories without

singlets suggest a definite phenomenology which we briefly describe now; those with singlets

allow an alternative which will be discussed in the next subsection.

In the landscape, the apparent tuning associated with heavy scalars which was previ-

ously so troubling is not relevant if the density of states is higher for a larger mass scale,

or if selection criteria strongly favor the apparently tuned states.

In the present context, the most relevant selection criteria may well to be cosmological.

Consider the questions of dark matter and the baryon asymmetry. As Moroi and Randall

have stressed, in a situation like this, the LSP is likely to be the wino [22]. We have noted

that there is probably a period of moduli domination; but neutralino dark matter can

readily be produced in the decays of moduli [23]. A cosmology consistent with observa-

tion (but not necessarily forced by anthropic considerations) has the moduli and gravitino

at 100 TeV or so in order to obtain standard nucleosynethesis, with anomaly mediated

gaugino masses in the few hundred GeV range. Baryons could be produced by the AD

mechanism [24]. This requires that some moduli in fact carry baryon number. Baryons

might also be produced by baryon violating processes in the decays of the moduli [25]. The

moduli decays and the AD process both introduce several new parameters into the story.

It is plausible that this structure, within the framework of the PAP, might actually favor

visible sector supersymmetry breaking (i.e. scalar and gravitino masses) at the 100 TeV

scale. But note that scalars this heavy require a tuning of order at least roughly 10−6 in

the Higgs potential in order to obtain acceptable electroweak symmetry breaking. So it

is quite possible that the landscape favors a lower scale, again raising an opportunity to

falsify the picture. For the moment, we can at least say that the facts of nucleosynthesis

are consistent with such a spectrum.

We should note that there are further opportunities to falsify this scenario. The

100 TeV scale is not quite high enough scale to completely solve all the flavor problems of su-

persymmetric theories (though it does solve the CP conserving problems). Perhaps there is

some combination of anthropic arguments which forces the scale higher, or imposes approxi-

mate symmetries which adequately suppress various flavor violating processes. But it is also

possible that there are not, and that this scenario within the landscape can be ruled out.

5.4 A more conventional scenario

It has been known for some time that one can construct models with gauge singlets which

dynamically break supersymmetry even at the renormalizable level [27]. The couplings of

these singlets are restricted. If this arises from discrete symmetries, gaugino masses may

be suppressed, and we will be back to the picture of the previous subsection. But the

required structure of couplings might arise because the singlets are approximate moduli,

or perhaps some couplings are simply small, again through selection effects (this might not
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be particularly costly; the couplings don’t need to be extraordinarily small). In this case,

gaugino masses could be of the same order as scalar masses, leading to a more conventional

supergravity phenomenology. In this case, however, the problems of flavor are potentially

far more severe, as are the moduli problems. So again, there are opportunities to falsify

this scenario within the landscape.

6. Conifolds and warping

We have seen that low energy supersymmetry is likely to win over random non-

supersymmetric configurations in the landscape. It has been noted, however, that generi-

cally flux vacua may arise near conifold points [13, 8]. This may provide an alternative to

supersymmetry to obtain hierarchies [28].

In fact, it would appear that one pays roughly the same price for such a hierarchy

near a conifold point as one pays for dynamical supersymmetry breaking with a uniform

distribution of Wo 6= 0: first, a factor of 10−120 to explain the smallness of Λ, second, an

order one factor to explain the gauge hierarchy, and third, some factor to obtain discrete

symmetries, in order to suppress proton decay, obtain dark matter, etc.

One issue which may favor supersymmetry concerns the question of unstable (tachy-

onic) directions in the moduli mass matrix. In approximately supersymmetric vacua with

Wo ≪ 1,Λ ≪ |Wo|
2, the moduli generically have large, positive mass-squared. In contrast,

in the overwhelming majority of non-supersymmetric stationary points of the effective po-

tential with large Wo and small cosmological constant, one expects tachyons. We have

seen, however, that if Wo is zero at tree-level, then supersymmetry wins by an overwhelm-

ing amount. So it should be possible to settle the question of whether supersymmetry or

non-supersymmetric conifolds are favored.

It is difficult to be quite so specific about the phenomenological issuses here as in the

supersymmetric case. Proton decay is potentially a serious problem. If the energy scale

of the Standard Model arises entirely through warping, it is necessary, most urgently, to

understand why baryon number violating operators up to very high dimension are sup-

pressed. One could imagine that this occurs through discrete symmetries, and that vacua

with a high degree of symmetry are selected by anthropic considerations. However, an-

thropic selection probably does not require that the proton lifetime be nearly as large as it

is observed to be. In other words, to be compatible with the current limit on the proton

lifetime, it is necessary to suppress operators through dimension 13 or so; on the other

hand, if the anthropic limit on the proton lifetime is 1016 years, it is only necessary to

suppress operators through dimension 11. One could imagine that there would be many

more vacua capable of suppressing the latter set of operators than the former. So typical,

anthropically selected vacua might well be inconsistent with observation. Other proposed

explanations of the long proton lifetime face similar potential difficulties.

This is in contrast to the situation in supersymmetric vacua, with at least an unbroken

R-parity where it is necessary to suppress a range of dimension five operators, but already

dimension six operators are not problematic.
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This is clearly an issue which requires further study. It could well be that there are

simply many more conifold type theories, with suitable properties, than supersymmetric

theories, or vice versa; it could also be that some cosmological considerations favor one

set or the other. For example, we have advanced a possible scenario in which the SUSY

breaking scale might be larger than a TeV, in order to allow suitable structure formation

in the universe. This argument was not compelling; more knowledge about these types

of vacua is necessary. Similarly, in the conifold case, it is not clear, at first sight, why

we couldn’t obtain a suitable dark matter density if the scale was one TeV. In this case,

flavor changing processes would likely falsify this possibility. However, it might be easier to

suppress proton decay with a higher scale, or perhaps for some not quite so obvious reason

it is easier to make a suitable dark matter density with a higher scale. These questions are

difficult to resolve without much more detailed information about the distributions.

Finally, we should note in the original KKLT story, the breaking of supersymmetry by

anti D3 branes located down the throat is perhaps to be thought of as the dual of a picture

of field-theoretic dynamical supersymmetry breaking, and so fits in with the discussion of

the previous section.4

It is also possible to consider scenarios with large flat extra dimensions without warp-

ing. In such scenarios it might be possible to imagine that the fundamental scale is just

above the weak scale, leading to a fraction of such such states with sufficiently small cos-

mological constant as large as 10−60. However, avoiding an additional price for the small

four-dimensional Planck scale would require natural mechanisms for obtaining large volume

(this might be obtained with two large dimensions). And the problem of proton stability

in generic vacua of this type also must be addressed, just as in the case with warping.

7. Conclusions

We have advanced a scenario, which we view as quite plausible, in which the landscape

predicts low energy supersymmetry, possibly of a quite specific form. But we should stress

that this is only a scenario, and we have described ways in which supersymmetry might

not emerge as a prediction. We have noted that supersymmetry may be too costly: there

might be far fewer states with the requisite discrete symmetries to prevent proton decay

then there are non-supersymmetric states. A second possibility, as we discussed in the

previous section, is that warped geometries are sufficiently more numerous than states

with dynamical supersymmetry breaking. Some pitfalls with the conifold scenario were

noted, but it is not yet possible to argue decisively for the relative importance of one or

another of these classes of vacua on the landscape.

If the following questions were answered, one could establish that supersymmetry is

or is not a likely outcome of the landscape:

1. Are there, in the leading tree-level approximation, exponentially more non-

supersymmetric than supersymmetric vacua? We have indicated that the answer

4We thank L. Susskind for discussions of this point.
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to this question is likely to be no, but we certainly cannot claim to have proven such

a statement. This would favor low energy supersymmetry.

2. What is the price of discrete symmetries? In particular, we need to compare the cost

of suppressing proton decay and (if necessary) obtaining a small µ term with the price

of light Higgs without supersymmetry (10−36 or so), times the price of obtaining a

stable, light dark matter particle (unknown, but probably not less than 10−36), times

the other tunings required to obtain an acceptable cosmology.

3. Is there a huge price for obtaining theories with low energy dynamical supersymmetry

breaking? Given the presumption that one can obtain a landscape of models with

complicated gauge groups and chiral matter, it is hard to imagine that the price is

enormous (in landscape terms). A part in a billion, for example, would likely lead to

a prediction of low energy supersymmetry.

4. Are unbroken discrete R-symmetries at the high scale common? If so, 〈W 〉 must be

generated dynamically at low energies in such vacua. In this case, we have seen that

SUSY breaking at the lowest possible scale may be favored.

5. Within the present knowledge of the landscape, non-supersymmetric conifolds appear

to be the most promising alternative to low energy supersymmetry. What is the

relative abundance of such states compared to supersymmetric states?

Related to the question of discrete symmetries, it would be interesting to know whether

in supersymmetric states in the landscape, one often obtains massless, vector-like states

(i.e. whether one can obtain, as in weakly coupled string theory, a small µ term without

symmetries).

Answering these questions would establish whether supersymmetric vacua, as opposed

to random non-supersymmetric vacua, are far more likely to satisfy the anthropic con-

straints we have enumerated. If the price of vanishing Wo is not large, we have seen that

supersymmetry breaking at the lowest possible scale wins.

More detailed information about the statistics of the landscape could further narrow

the possibilities for string phenomenology. In particular, we have seen that information

about the numbers of supersymmetry breaking low energy theories of various types could

lead to quite specific predictions.

There are various ways the theory could fail to predict supersymmetry. If, for example,

Wo is non-zero at leading tree-level approximation in the overwhelming number of states

and one has to understand the smallness of the µ term as a consequence of tuning, this

might eliminate any possible prediction of low energy supersymmetry. If it should turn out,

with further exploration of the landscape, that there are vastly more non-supersymmetric

than supersymmetric states, again low energy supersymmetry is not a likely outcome of

string theory.

We should also stress that even in the landscape, ordinary notions of naturalness are

likely to be relevant. For example, we have seen that in the intermediate scale scenario for

supersymmetry breaking primordial nucleosynthesis forces gaugino masses into the TeV
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region, with scalars in the 100 TeV range. This is certainly “tuned”; there are almost

certainly far more states with light Higgs particles with supersymmetry broken at lower

energies. We have suggested a way in which this mini hierarchy might arise from selection

criteria of a cosmological nature. We leave for further work the question of tuning in the

very low energy scenario, but note that in this case, in addition to cosmological concerns,

the need to account for the µ and Bµ parameters might explain requisite tunings. We

have also noted that for the conifold scenario, proton decay and flavor violation require

coincidences not readily explained by anthropic reasoning.

The questions in this list seem accessible to investigation. In the background, however,

there lurk other questions: are these states real and accessible cosmologically? If they are,

does the history of the universe prefer some states over others?
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