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We examine several issues pertaining to statistical predictivity of the string theory landscape for weak
scale supersymmetry (SUSY). We work within a predictive landscape wherein superrenormalizable terms
scan while renormalizable terms do not. We require stringy naturalness wherein the likelihood of values for
observables is proportional to their frequency within a fertile patch of landscape including the minimal
supersymmetric standard model as low energy effective theory with a pocket-universe value for the weak
scale nearby to its measured value in our universe. In the string theory landscape, it is reasonable that the
soft terms enjoy a statistical power-law draw to large values, subject to the existence of atoms as we know
them (atomic principle). We argue that gaugino masses, scalar masses, and trilinear soft terms should each
scan independently. In addition, the various scalars should scan independently of each other unless
protected by some symmetry. The expected nonuniversality of scalar masses—once regarded as an
undesirable feature—emerges as an asset within the context of the string landscape picture. In models such
as heterotic compactifications on Calabi-Yau manifolds, where the tree-level gauge kinetic function
depends only on the dilaton, gaugino masses may scale mildly, while scalar masses and A terms, which
depend on all the moduli, may scale much more strongly leading to a landscape solution to the SUSY flavor
and CP problems in spite of nondiagonal Kihler metrics. We present numerical results for Higgs and
sparticle mass predictions from the landscape within the generalized mirage mediation SUSY model and
discuss resulting consequences for LHC SUSY and weakly interacting massive particles dark matter

searches.
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I. INTRODUCTION

The laws of physics as we know them are beset with
several fine-tuning problems that can be interpreted as
omissions in our present level of understanding. It is hoped
that these gaps may be filled by explanations requiring
additional input from physics beyond the Standard Model
(SM). One of these, the strong CP problem, is solved via
the introduction of a global Peccei-Quinn (PQ) symmetry
and its concomitant axion a. Another, the gauge hierarchy
or Higgs mass problem, is solved via the introduction of
weak scale supersymmetry wherein the SM Higgs mass
quadratic divergences are rendered instead to be more mild
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log divergences.l In this latter case, the nondiscovery of
supersymmetry (SUSY) particles at LHC has led to
concerns of a little hierarchy problem (LHP), wherein
one might expect the weak energy scale me, ~ my .z, to
be in the multi-TeV range rather than at its measured value
Myear = 100 GeV. A third fine-tuning problem is the
cosmological constant (CC) problem, wherein one expects
the cosmological constant A ~m%~6x 10°* eV? as
opposed to its measured value A ~4.33 x 107 eV2.
The most plausible solution to the CC problem is
Weinberg’s anthropic solution [2,3]: the value of A ought
to be as natural as possible subject to generating a pocket
universe whose expansion rate is not so rapid that structure
in the form of galaxy condensation should not occur (this is
called the structure principle).

'"The resolution of the gauge hierarchy problem via softly
broken supersymmetry is an example of 't Hooft’s fechnical
naturalness [1] in that the small weak scale (in relation to the
Planck scale) is permissible in that as soft SUSY breaking terms
approach zero, the theory becomes more (super)symmetric. In
this case, the magnitude of the weak scale is a consequence of
supersymmetry breaking [see Eq. (2)].

Published by the American Physical Society
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The anthropic CC solution emerges automatically from
the string theory landscape of (metastable) vacua [4,5]
wherein each vacuum solution generates a different low
energy effective field theory (EFT) and hence apparently
different laws of physics (gauge groups, matter content, A,
Myeaks €tC.). A commonly quoted value for the number of
flux vacua in IIB string theory is N, ~ 10°% [6]. If the CC
is distributed (somewhat) uniformly across its (anthropic)
range of values, then it may not be surprising that we find
ourselves in a pocket universe with A ~ 10712m3 since if it
were much bigger, we would not be here. The situation is
not dissimilar to the human species finding itself fortu-
itously on a moderate size planet a moderate distance from
a stable, class-M star: the remaining vast volume of the
solar system where we might also find ourselves is
inhospitable to liquid water and life as we know it, and
we would never have evolved anywhere else.

An essential element to allow Weinberg’s reasoning to be
predictive is that in the subset of pocket universes with
varying cosmological constants, the remaining laws of
physics as encoded in the Standard Model stay the same:
only A is scanned by the multiverse. Such a subset
ensemble of pocket universes is sometimes referred to as
a fertile patch [7]. Arkani-Hamed et al. (ADK) [8] argue
that only superrenormalizable Lagrangian terms should
scan in the multiverse while renormalizable terms such as
gauge and Yukawa couplings will have their values fixed
by dynamics. In the case of an ensemble of SM-like pocket
universes with the same gauge group and matter content,
with Higgs potential given by

Vem = =@ @ + A(¢' ) (1)

(where ¢ is the usual SM Higgs doublet), then just gy, and
A should scan. This would then allow for the possibility of
an anthropic solution to the gauge hierarchy problem in that
the value of ugy [wherein m3(tree) = 2u3\] would be
anthropically selected to cancel off the (regularized) quad-
ratic divergences. Such a scenario is thought to offer an
alternative to the usual application of naturalness, which
instead would require the advent of new physics at or
around the weak scale.

Here, when we refer to naturalness of a physical theory,
we refer to

practical naturalness: wherein each independent con-
tribution to any physical observable is required to be
comparable to or less than its measured value.

For instance, practical naturalness was successfully applied
by Gaillard and Lee to predict the value of the charm quark
mass based on contributions to the measured value of the
K; — K¢ = Amg mass difference [9]. In addition, it can be
claimed that perturbative calculations in theories such as
QED are practically natural (up to some effective theory

cutoff Aggp). While divergent contributions to observables
appear at higher orders, these are dependent quantities:
once dependent quantities are combined, higher order
contributions to observables are comparable to or less than
their measured values. Thus, we understand the concept of
practical naturalness and the supposed predictivity of a
theory to be closely aligned.

To place the concept of naturalness into the context of the
landscape of string theory vacua, Douglas has proposed the
notion of stringy naturalness [10]:

stringy naturalness: the value of an observable O, is
more natural than a value O, if more phenomenologi-
cally viable vacua lead to O, than to O,.

If we apply this definition to the cosmological constant,
then phenomenologically viable is interpreted in an
anthropic context in that we must veto vacua which do
not allow for structure formation (in the form of galaxy
condensation). Out of the remaining viable vacua, we
would expect A to be nearly as large as anthropically
possible since there is more volume in parameter space for
larger values of A. Such reasoning allowed Weinberg to
predict the value of A to within a factor of a few of its
measured value more than a decade before its value was
determined from experiment [2,3]. The stringy naturalness
of the cosmological constant is but one example of what
ADK call living dangerously: the values of parameters
scanned by the landscape are likely to be selected to be just
large enough, but not so large as to violate some fragile
feature of the world we live in (in this case the existence of
galaxies).

The minimal supersymmetric standard model (MSSM) is
touted as a natural solution to the gauge hierarchy problem.
This is because in the MSSM log divergent contributions to
the weak scale are expected to be comparable to the weak
scale for soft SUSY breaking terms ~mi,. But is the
MSSM also more stringy natural than the SM? The
answer given in Ref. [11] is yes. For the case of the SM
valid up to some energy scale Agy > Myeq, there is only
an exceedingly tiny (fine-tuned) range of w3, values
which allow for pocket-universe mEY, ~ ., (measured).
In contrast, within the MSSM there is a very broad
range of superpotential x values which allow for mFY, ~
Myeac(Measured), provided other contributions to the weak
scale are also comparable to 7., (measured) (as borne out
by Figs. 2 and 3 of Ref. [11]). For the MSSM, the pocket
universe value of the weak scale is given by

(mPV)? _ miy, + Zf — (mp, + Xi) tan® B
2 tan’ f — 1
— @t = —my =T — i, (2)

where the value of y is specified by whatever solution to the
SUSY y problemis invoked [12]. [Here, m%, and m%,d are the
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Higgs field soft squared masses, and ¢ and X% contain over
40 loop corrections to the weak scale (expressions can be
found in the Appendix to Ref. [13])]. Thus, the pocket
universe value for the weak scale is determined by the soft
SUSY breaking terms and the SUSY preserving y parameter.
If the landscape of string vacua include as low energy
effective theories both the MSSM and the SM, then far
more vacua with a natural SUSY EFT should lead to mPy,, ~
Myeax (Measured) as compared to vacua with the SM EFT
where Agy > Myeq- In this vein, unnatural SUSY models
such as high scale SUSY where m,q >> myeq should also be
rare occurrences on the landscape as compared to natu-
ral SUSY.

Douglas has also proposed a functional form for the
dependence of the distribution of string theory vacua on the
SUSY breaking scale [14]. The form expected for gravity/
moduli mediation is given by

2 2
dN vac(mhiddenv Myeak» A) = fsusy * fewrr * foc - dMigggens

(3)

where the hidden sector SUSY breaking scale mj ;.. =
S Fil*+4>, D2 is a mass scale associated with the
hidden sector (and usually in SUGRA-mediated models it
is assumed Mpiggen ~ 10'> GeV such that the gravitino gets
a mass ms, ~ MZg4en/mp)- Consequently, in gravity
mediation the visible sector soft terms mgp ~ m3/. As
noted by Susskind [15] and Douglas [6], the scanning of the
cosmological constant is effectively independent of the
determination of the SUSY breaking scale so that
fec~A/ mgtring'

Another key observation from examining flux vacua in
IIB string theory is that the SUSY breaking F; and D,
terms are likely to be uniformly distributed—in the former
case as complex numbers while in the latter case as real
numbers. Then one expects the following distribution of
supersymmetry breaking scales:

Fsusy (Miiggen) ~ (Miiggen) ™ 27", (4)
where ny is the number of F-breaking fields and np is the
number of D-breaking fields in the hidden sector. Even for
the case of just a single F-breaking term, one expects a
linear statistical draw toward large soft terms; fqugy ~
ml, where n=2np-+np—1 and in this case where np = 1
and np =0 and then n = 1. For SUSY breaking contri-
butions from multiple hidden sectors, as typically expected
in string theory, n can be much larger, with a consequent
stronger pull toward large soft breaking terms.

An initial guess for frwgr, the (anthropic) fine-tuning
factor, was m2,, /m2.; which would penalize soft terms
which were much bigger than the weak scale. This form is
roughly suggested by fine-tuning measures such as Agy
where

Agw = |maximal contribution to RHS of Eq.(2)|/(m%/2),

(5)

where then fewrr ~ Apy-

This ansatz fails on several points [16]:

(i) Many soft SUSY breaking choices will land one into
charge-or-color breaking (CCB) minima of the
electroweak (EW) scalar potential. Such vacua
would likely not lead to a livable universe and
should be vetoed rather than penalized.

(i) Other choices for soft terms may not even lead to
EW symmetry breaking (EWSB). For instance, if
my; (A) is too large, then it will not be driven
negative to trigger spontaneous EWSB. These pos-
sibilities, labeled as no-EWSB vacua, should also be
vetoed.

(iii) In the event of appropriate EWSB minima, then
sometimes /arger high scale soft terms lead to more
natural weak scale soft terms. For instance, 1. if
my; (A) is large enough that EWSB is barely
broken, then |my; (weak)| ~m3 ., (see Fig. 3 of
Ref. [17]). Likewise, 2. if the trilinear soft breaking
term A, is big enough, then there is large top squark
mixing and the (7, ;) terms enjoy large cancella-
tions, rendering them ~m?_, [13,18]. The same
large A, values lift the Higgs mass m,, up to the
125 GeV regime. Also, 3. as first/second generation
soft masses are pulled to the tens of TeV regime,
two-loop renormalization group equations (RGE)
effects actually suppress third generation soft terms
so that SUSY may become more natural [19].

If one assumes a solution to the SUSY u problem [12],
which fixes the value of y so that it can no longer be freely
fine-tuned to fix my at its measured value, then once the
remaining SUSY model soft terms are set, one obtains a
pocket-universe value of the weak scale as an output: e.g.,
mbV # my(measured). Based on nuclear physics calcula-
tions by Agrawal et al. [20,21], a pocket universe value of
mEY, which deviates from our measured value by a factor
of 2-5 is likely to lead to an unlivable universe as we
understand it. Weak interactions and fusion processes
would be highly suppressed, and even complex nuclei
could not form. This would be a violation of the atomic
principle: that atoms as we know them seem necessary to
support observers. This is another example of living
dangerously: the pull toward large soft terms tend to pull
the value of m"Y, up in value, but must stop short of a
factor of a few times our measured weak scale lest one
jeopardize the existence of atoms as we know them. We
will adopt a conservative value that the weak scale should
not deviate by more than a factor of 4 from its measured
value. This corresponds to a value of the fine-tuning
measure Agw < 30. Thus, for our final form of frwer
we will adopt [16]
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fEWFT = 6(30 - AEW) (6)

while also vetoing CCB and no-EWSB vacua.

The above Eq. (3) has been used to generate statistical
distributions for Higgs and sparticle masses as expected
from the string theory landscape for various assumed
values of n = 0-4, for assumed gravity-mediation model
NUHM3 [16], and also for generalized mirage mediation
[22]. For values n > 1, there is a statistical pull on m, to a
peak at m;, ~ 125 GeV in agreement with the measured
value of the Higgs boson mass. Also, for n > 1, typically
the gluino gets pulled to mass values m; ~4 +2 TeV, i.e.,
pulled above LHC mass limits. The lighter top squark is
pulled to values m; ~2 + 1 TeV while Higgsinos remain

in the My e~ 100-350 GeV range. Since gaugino

masses are pulled to large values, the neutralino mass
gap decreases to My = My ~ 3-5 GeV, making Higgsino
pair production pp — 779, 775 very difficult to see at
LHC via the soft opposite-sign dilepton signature from
7= ¢T¢~ decay [23]. Thus, this simple statistical
model of the string landscape correctly predicts both the
mass of the lightest Higgs boson and the fact that LHC sees
so far no sign of superparticles. And since first/second
generation matter scalars are pulled toward a common
upper bound in the 20—40 TeV range, it also predicts only
slight violations of flavor-changing neutral current and CP-
violating processes due to a mixed decoupling/quasidege-
neracy solution to the SUSY flavor and CP problems [19].

Our goal in this paper is to investigate several issues of
soft SUSY breaking terms relevant for the landscape. The
first issue is addressed in Sec. II: which soft terms should
scan on the landscape and why? Should the soft terms be
correlated and then all scan together? (That is, is only a
single random number needed to simulate their scan in the
multiverse?) Or should they each scan independently? The
second issue is, of the soft terms which ought to scan,
should they scan with a common exponent n, or are there
cases where different soft terms would be drawn more
strongly to large values than others? (That is, should
different n values apply to different soft terms, depending
on the string model?) We address both these issues in
Sec. II. Then in Sec. III, we apply what we have learned in
Sec. II to examine how stringy natural are different regions
of model parameter space, as compared to choosing a
common exponent n for all scanning soft terms. Since in
the landscape picture many of the soft terms are drawn into
the tens-of-TeV range, we expect a comparable value of
gravitino mass ms ,, but with TeV scale gauginos. In such
a case, we expect comparable gravity- and anomaly-
mediated contributions to soft terms so that we present
our numerical results within the generalized mirage media-
tion model GMM’ [24]. Some discussion on implications
for LHC searches along with overall conclusions are
presented in Sec. IV.

II. SOFT SUSY BREAKING TERMS

With of order 10°° metastable vacua solutions in string
theory,” it may seem bewildering that one might find the
exact one which corresponds to our universe. Such a case
might destroy the hoped-for predictability of string theory
as pertains to particle physics. A way forward was proposed
by Douglas and others [26]: instead, use general stringy
arguments to ascertain the likely prior distribution of
variable quantities in different pocket-universes within
the multiverse. By coupling this with pocket-universe
selection criteria (anthropics), one might arrive at statistical
predictions from the string theory landscape [27,28].
Indeed, Weinberg was able to do this in the case of the
cosmological constant even before knowing about the
string theory landscape. In this section, we apply a similar
approach not only to the overall SUSY breaking scale [14]
but also to the individual soft SUSY breaking terms. This
approach avoids the necessity of knowing the precise string
vacua which gives rise to our own (pocket) universe. For
recent arguments on the prior distribution of the overall
SUSY breaking scale from moduli stabilization, see
Ref. [29] where Kachru-Kallosh-Linde-Trivedi (KKLT)
[30] vacua are found to obey a power-law distribution
(as we assume) while large volume scenario [31] vacua
obey a log distribution. For arguments on whether KKLT
(de Sitter) vacua live within the landscape or the swamp-
land, see, e.g., Ref. [32].

A. String compactification setup

In string theory, the starting point is the 10/11-dimen-
sional UV complete string theory. One then writes the
corresponding 10/11-dimensional effective supergravity
(SUGRA) theory by integrating out KK modes and other
superheavy states. Compactification of the 10/11-dimen-
sional SUGRA on a Calabi-Yau manifold (to preserve N=1
SUSY in the ensuing 4D theory) leads to a 4D SUGRA
theory containing visible sector fields plus a plethora (of
order hundreds) of gravitationally coupled moduli fields,
grouped according to complex structure moduli U; and
Kihler moduli 7;. In accord with Refs. [33,34], we will
include the dilaton field S among the set of moduli. In
simple IIB string models, the dilaton § and complex
structure moduli U; are stabilized by flux while the
Kihler moduli are stabilized by various nonperturbative
effects [30,35]. In explicit constructions, only one or a few
Kihler moduli are assumed [30] while realistically of order
~100 may be expected. The moduli stabilization allows in
principle their many vacuum expectation values (VEVs) to
be determined, which then determines the many parameters
of the effective theory. For simplicity, here we will assume

*This number was computed by Denef and Douglas [6] for the
case of flux compactifications of IIB string theory. In F theory, far
higher numbers ~1077>9° may be expected [25].
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the visible sector fields C, consist of the usual MSSM
fields. We will also assume that the moduli S, T;, U; form
the hidden sector of the 4D theory and provide the required
arena for SUSY breaking. From this framework, we will
then draw conclusions as to precisely which soft terms will
scan independently within the landscape, and how they are
selected for by the power-law formula fgysy ~ m. ;. While
many insights into moduli stabilization were made for the
case of IIB string theory, we expect similar mechanisms to
occur for other string models (heterotic, etc.) since the
various theories are all related by their duality relations.

B. Soft terms in the low energy EFT

The 4D, N = 1 supergravity Lagrangian is determined
by just two functions that depend on the chiral superfields
¢y of the model: the real gauge invariant Kihler function
G- $ir) = K. bis) +10g|W(hy)[> (with K being
the real valued Kéhler potential and W the holomorphic
superpotential) and the holomorphic gauge kinetic function
fa(éur). This is presented in units where the reduced
Planck scale mp = Mp;/ V87 = 1. The chiral superfields
of SUGRA ¢, are distinguished according to visible sector
fields C* and hidden sector fields #4,,. Following
[33,34,36], first we expand the superpotential as a power
series in terms of the visible sector fields,

A 1 1
W =W () + 5y (i) C*CP -2 gy () C*CPCT -,

(7)
while the expansion for the Kiahler potential is
K = K(h,,, 1ty,) + Kg 5(hy. h3,) CCP
1
+ EZaﬁ(hm, h,’;,)C“Cﬂ + H.c. + .- s (8)

and where the various coefficients of expansion are to-be-

determined functions of the hidden sector fields £,,. In the

above, Greek indices correspond to visible sector fields while

lowercase latin indices correspond to hidden sector fields.

Uppercase latin indices correspond to general chiral superfields.
The F part of the scalar potential is given by

V(u. dy) = €9 (GyK"N Gy = 3) = (FNKyp F = 3¢9).

©)

If some of the fields 4,, develops VEVs such that at least
one of the auxiliary fields F™ = ¢%/2K""G, # 0, then
SUGRA is spontaneously broken. The gravitino gains a
mass m3;; = %/ while soft SUSY breaking terms are
generated. The soft terms are obtained from the general 4D,
N =1 supergravity Lagrangian [37] by replacing the
hidden fields 4, and their F,, terms by their VEVs and
then taking the flat limit wherein mp — oo while keeping

ms ), fixed. One is then left with the low energy EFT which
consists of a renormalizable global SUSY Lagrangian
augmented by soft SUSY breaking terms.

The canonically normalized gaugino masses are given by

My = (Ref,) F0,f,. (10)

The unnormalized Yukawa couplings are given by

A
*

W X
Yﬁlﬂ}/ :WQK/ZYaﬁ% (11)

while the superpotential u term is given by

A

lu:;/j = W eK/z,uaﬁ + m3/2Zaﬁ - F’hamzaﬂ. (12)
The scalar potential is expanded as
12 aof 1 i o p ey 1 ! ap
Vot = mCCF + EA(WC cre +§BaﬁC C’+H.c.
(13)
with unnormalized soft terms given by
m’&zﬂ = (m§/2 + V())i((}/} - Frh
X (030,Kzp — 05Ky K7°0,K55)F"  (14)
and

A

*

w* 2 N
A;ﬁ}' - |W| et [KmYaﬁY + OnYapy

- (kﬁpamk[)aydﬁy + ((l <~ ﬂ) + (a <~ J/))} (15)

We shall not need the (rather lengthy) expression for B;ﬁ.

C. Implications for the landscape

1. Gaugino masses

The normalized gaugino mass soft terms are given in
Eq. (10) where Re(f,) =1/g3. For nonzero gaugino
masses, the gauge kinetic function f, must be a nontrivial
function of the moduli fields. In most 4D string constructs,
[ 1s then taken as k,S where k,, is the Kac-Moody level of
the gauge factor. This form of the gauge kinetic function
leads to universal gaugino masses which require SUSY
breaking in the dilaton field S. The remaining moduli can
enter f, at the loop level and lead to nonuniversal gaugino
masses. If the moduli contribution to M, is comparable to
the dilaton contribution, then one might expect nonuniver-
sal gaugino masses, but otherwise the nonuniversality
would be a small effect. If the gaugino masses are
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dominantly from the dilaton, then only a single hidden
sector field contributes. In this case, one would expect the
fsusy function to scan as mioﬁ, i.e., a linear scan for the
gaugino masses. In Sec. III, we will see that the landscape
actually prefers gaugino masses which are suppressed
compared to scalar masses: F5 < F™, where F™ corre-
sponds to the collective SUSY breaking scale from all the
moduli fields. In this case, the loop-suppressed moduli-
mediated terms may be comparable to the dilaton-mediated
contribution and nonuniversality might be expected. Also,
even if moduli-mediated contributions are small, the
anomaly-mediated contributions can be comparable to the
universal contribution. To account for this, in Sec. III we will
work within the generalized [24] mirage mediation [38]
scheme for soft term masses, and we would indeed expect
some substantial nonuniversality of gaugino masses. This
type of nonuniversality leads to gaugino mass unification at
the mirage scale y,; which can be much less than the grand
unified theory (GUT) scale mgyr ~ 2 x 10'® GeV where
gauge couplings unify. Furthermore, in compactification
schemes where the moduli-mediated contribution to M, is
comparable to the dilaton contribution, one might expect the
gaugino masses to scan as m/ ., where the precise value of n
depends on how many moduli fields contribute to the
gaugino masses. Since here we are considering that gaugino
masses should scan independently of other soft terms, we
will denote their n value in fgygy hereafter as n,.

2. Soft scalar masses

The soft SUSY breaking scalar masses come from
Eq. (14). In that equation, the first part, upon normalizing
to obtain canonical kinetic terms, leads to diagonal and
universal scalar masses. In past times, this was a feature to
be sought after since it offered a universality solution to the
SUSY flavor problem [39]. The second term involving
partial derivatives of the visible sector Kéhler metric,
leads to nonuniversal soft terms. In particular, we would
expect nonuniversal soft scalar masses for the two Higgs
doublets m7; and my, , along with nonuniversal masses
mo(1), mg(2), and my(3) for each of the generations.
Intragenerational universality might be expected to occur,
for instance, where SO(10) gauge symmetry survives the
compactification (as occurs, for instance, in some orbifold
compactification scenarios [40] which lead to local grand
unification [41,42]). Then all 16 fields of each generation
which fill out the 16-dimensional spinor of SO(10) would
have a common mass m(i) for i = 1-3. Nonuniversal soft
SUSY breaking scalar masses lately are a desired feature in
SUGRA models since they allow for radiatively driven
naturalness (RNS) [13,18], wherein radiative corrections
(via RG equations) drive large high scale soft terms to weak
scale values such that the contributions in Eq. (2) to the
weak scale are of natural magnitudes. The RNS scenario
has a natural home in the string landscape [17]. For
instance, if m%, is statistically favored as large as possible,

then instead of being driven to large negative multi-TeV
values during the radiative breaking of SU(2), x U(1)y
symmetry [43—49], it will be driven to small weak scale
values, just barely breaking EW symmetry. This is an
example of living dangerously [8] in the string theory
landscape, since if the high scale value of m%,u were much
bigger, then EW symmetry would not even break.

As mentioned, the expected nonuniversality of soft
SUSY scalar masses for each generation in gravity media-
tion was vexing for many years [39] and, in fact, provided
strong motivation for flavor-independent mediation
schemes such as gauge mediation [50,51] and anomaly
mediation [52-55].> The original incarnations of these
models are highly disfavored, if not ruled out, due to the
rather large value of the Higgs mass m; ~ 125 GeV
[57-59]. Happily, the string theory landscape offers its
own solution to both the SUSY flavor and CP problems
arising from nonuniversal generations [19]. In the land-
scape, the statistical selection of soft SUSY breaking scalar
masses pulls them to as large of values as possible such that
their contributions to the weak scale remain of order the
weak scale. The top squark contributions to the weak scale
are proportional to the top quark Yukawa couplings, so
these soft terms are pulled into the few TeV regime.
However, first and second generation sfermions have much
smaller Yukawa couplings and so are pulled much higher,
into the 20-40 TeV regime. In fact, the upper bounds on
first/second generation sfermions come from two-loop
renormalization group (RG) effects which push third
generation soft masses smaller [thus aiding naturalness
by suppressing Z!(7; ,) terms] and then ultimately toward
tachyonic. From this effect, the anthropic upper bound is
the same for both first and second generation sfermions:
they are pulled to large values, but to a common upper
bound. This provides a quasidegenerate, decoupling sol-
ution to the SUSY flavor and CP problems [19].

Overall, all the SUSY breaking moduli fields should
contribute to the soft SUSY breaking scalar masses. Thus,
we would expect a landscape selection for scalar masses
according to m§:§+””_1 and thus perhaps a stronger pull on
scalar masses to large values than might occur for gauginos.
To allow for this effect, we hereafter denote the value of n
contributing to selection of soft scalar masses as ny.

3. Trilinears

The trilinear soft breaking terms, so-called A terms, are
given in Eq. (15). These terms again receive contributions
from all the SUSY breaking moduli fields and are of order

A generalized version of anomaly-mediated SUSY breaking
(AMSB) has been proposed [56] which allows for bulk A terms
and nonuniversal bulk scalar masses. This version of AMSB
allows for mj; ~ 125 GeV and naturalness under the Agy
measure. While winos are still the lightest gauginos, the Higgsi-
nos are the lightest electroweakinos.
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Mg. They should scan in the landscape according to
fsusy ~ m.o,, similar to the scalar masses. It is worth
noting that in Eq. (15) the Yukawa couplings do not in
general factor out of the soft terms.

The statistical selection of large A terms pulls the stop mass
matrix to maximal mixing; this maximizes the light Higgs
mass and hence lifts m;, — 125 GeV [18,60]. Meanwhile, it
also leads to cancellations in the loop contributions to the EW
scale X%(7,) and Z!(7,), thus decreasing their contributions
to the weak scale. For even larger negative values of A
parameters, the X;(7, ,) contributions to 17, increase well
beyond 4m .. (measured) just before pushing top squark
soft terms tachyonic leading to CCB minima of the scalar
potential [11]. This is another example of living dangerously.

4. u parameter

The bilinear mass term % p,5(h,)C*C? in Eq. (7) is
forbidden for almost all matter superfields of the MSSM by
gauge invariance. The exception occurs for the vectorlike
pair of Higgs doublets puH,H, which contain opposite
hypercharge assignments, making this an allowed term.
Naively, since the term is supersymmetry preserving, one
might expect u ~ mp; on the other hand, due to the scale
invariance of string theory, no mass terms are allowed
for massless states and one gets =0 [61].
Phenomenologically, such a term with y ~ m,, 1S neces-
sary for appropriate EW symmetry breaking. The conflict
among the above issues forms the SUSY u problem.4
Notice that if p ~ mye, in accord with naturalness, but
My 2 TeV scale, then u < my. and the p parameter is
also intimately involved in the little hierarchy (LH)
problem: why is there a gap opening up between the weak
scale and the soft breaking scale? The landscape automati-
cally generates such a LH by pulling soft terms to such
large values that EW symmetry is barely broken.

The analysis of soft SUSY breaking terms already
contains within it two possible resolutions of the y problem,
which could be acting simultaneously. These resolutions
depend on the mixing between observable sector fields H,,
and H, with hidden sector fields 4,,. If a value of Z,3 ~
Ah,,/mp gains a value AmZ,yq../mp under SUSY breaking,
then a p parameter or order mgy; is generated [62].

Alternatively, in Eq. (7) where y,; is a function of hidden
sector fields h,,, if the hidden fields develop a suitable
VEV, then a u parameter will be generated. In the NMSSM
[63], a singlet superfield X is added to the visible sector,
and when X obtains a weak scale VEV, then a u term is
generated. If 41,5 contains nonrenormalizable terms such as
4,X?/mp, then upon SUSY breaking a y ~ A, m;g4en/Mp 18
developed with p ~ myeu — Mgoe- This is the Kim-Nilles
(KN) mechanism, which originally relied on a PQ

4Twenty solutions to the SUSY y problem are reviewed in
Ref. [12].

symmetry to forbid the initial 4 ~ mp term. An attractive
feature of this approach is that the PQ symmetry is also
used to solve the strong CP problem via the supersymme-
trized [64—66] Dine-Fischler-Srednicki-Zhitnitski (DFSZ)
axion [67,68].

A less attractive feature is that the global PQ symmetry is
not compatible with gravity/string theory [69-72]. A way
forward is to invoke instead either a (gravity-compatible)
discrete gauge symmetry [73] Z, or a discrete R-symmetry
7R, where the latter might originate as a discrete remnant
from 10D Lorentz symmetry breaking after compactifica-
tion. Then the global PQ symmetry emerges as an acci-
dental, approximate symmetry as a consequence of the
underlying discrete gauge or R symmetry. In the latter case,
a variety of ZR symmetries have been shown to be
anomaly-free and consistent with grand unification [74]
for N =4, 6, 8, 12, and 24. The largest of these, Z§4, 1s
strong enough to suppress nonrenormalizable contributions
to the scalar potential up to powers of (1/mp)®, which is
enough to solve the strong CP problem while maintaining
the strong CP angle 6 <107'°. Such an approach is
attractive since it solves the strong CP problem, solves the
SUSY p problem, provides a mechanism for R-parity con-
servation, and suppresses otherwise dangerous dimension-
five proton decay operators [75].

III. RESULTS FOR GENERALIZED MIRAGE
MEDIATION MODEL GMM’

A. GMM’ model and parameter space

The mirage mediation model is based on comparable
moduli- and anomaly-mediated contributions to soft SUSY
breaking terms. The boundary conditions are implemented
at energy scale Q = mgur~2 x 10'® GeV where the
gauge couplings unify. Under this supposition, the gaugino
masses receive a universal moduli-mediated contribution
along with an anomaly-mediated contribution which
depends on the gauge group beta functions. The offset
from universality is compensated for by RGE running to
lower mass scales which causes the gaugino masses to
unify at the mirage scale p;, = mGUTe‘S”z/“ where «o
parametrizes the relative moduli- to anomaly-mediated
contributions to the soft terms. For @ — 0, one recovers
pure AMSB while as @ — co dominant moduli mediation is
recovered. The smoking gun signature of mirage mediation
is that gaugino masses unify at the intermediate mirage
scale rather than mqyyr. This feature can be tested at e e~
colliders operating at /s > 2m(Higgsin o) [76,77].

Expressions for the soft SUSY breaking terms have been
calculated in Refs. [78—81] under the assumption of simple
compactifications of IIB string theory with a single Kéhler
modulus. For more realistic compactifications with many
Kihler moduli, the discrete-valued modular weights are
generalized to be continuous parameters in the generalized
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mirage mediation model (GMM') [24] which we

adopt here.

For the GMM'’ model, the soft SUSY breaking terms are
given by

M, = (a+ b,gz)ms)» /1677, (16)
A, = (~aza+yp, +yu, + 7E3)m3/2/16”27 (17)
Ay = (maza+yo, +vu, + 7D3)m3/2/16”27 (18)
A, = (~aza+yg, +ru, +ru)map/167%,  (19)
m;(1,2) = (c,,0® + 4a&; — f’i)(m3/2/167/72)2’ (20)
m3(3) = (c,3a® + 4a&; — ;) (msp/162%)?,  (21)
vu,)(mspn/167%),  (22)

- 7Hd)(m3/2/16ﬂ2)2- (23)

m%,u (cy o +4aéy —
m%d = (ey,0® + 4aty,

In the above expressions, the index i runs over the first/
second generation MSSM scalars i = Q;,,U;,,D15,L; 5,
and E;, while j runs overs third generation scalars
Jj = 03, Us, D3, L3, and E5. Here, we adopt an independent
value c,, for the first two matter-scalar generations while the
parameter c,,; applies to third generation matter scalars. The
independent values of ¢y and cy,, which set the moduli-
mediated contribution to the Higgs mass-squared soft terms,
may conveniently be traded for weak scale values of yz and m 4
as is done in the two-parameter nonuniversal Higgs model
(NUHM?2) [82-87]. This procedure allows for more direct
exploration of stringy natural SUSY parameter space where
most landscape solutions require p ~ 100-360 GeV in
anthropically allowed pocket universes [11]. Thus, the
GMM' parameter space is given by

a, M3p5, Cpy Cyz, A3, tanf, u, my (GMM').  (24)
The natural GMM and GMM’ models have been incorpo-
rated into the event generator program ISAJET7.88 [88] which
we use here for spectra generation. (The GMM and GMM’
models are equivalent: GMM uses high scale Higgs soft

terms m%, and m%,d parameter choices while GMM'’ trades

these for the more convenient weak scale parameters p
and my.)

B. Results in the my™ vs m}}' plane

A panoramic view of some of our main results is
conveniently displayed in the m)™ vs m1 5 M plane which
is then analogous to the m vs m /, plane of the mSUGRA/
CMSSM or NUHM2,3 models. Here, we define m}™ =

Cna(ms)y/167%) which is the pure moduli-mediated
contribution to scalar masses. The moduli-mediated

contribution to gaugino masses is correspondingly given
by m{ll = ams/(167?).

In Fig. 1(a), we show the m}™ vs m1 I M plane for the case
ofann;,; = ny = 1 landscape draw but with a3 = 1.6,/c,,,
with ¢, = c,3 and with tanf =10, my =2 TeV, and
u =200 GeV. The lower-left yellow region shows where
Mys < 103.5 GeV in violation of LEP2 constraints. Also,
the lower-left orange box shows where Ap; < 30 (old
naturalness calculation). The bulk of the low m, /, region
here leads to tachyonic top-squark soft terms owing to the
large trilinear terms A}"™ = —asa(m;,/16a%). This region
is nearly flat with increasmg mq mainly because the larger we
make the GUT scale top-squark squared mass soft terms, the
larger is the canceling correction from RG running. For larger
mY) 1 M values, we obtain viable EW vacua since large values of

M help to enhance top squark squared mass running to large
positive values. The dots show the expected statistical result
of scanning the landscape, and the larger density of dots on
the plot corresponds to greater stringy naturalness. We also
show the magenta contour of m; = 2.25 TeV, below which
is excluded by LHC gluino pair searches [89,90]. We also
show contours of m;, = 123 and 125 GeV. The green points
are consistent with LHC sparticle search limits and the Higgs
mass measurement. From the plot, we see that much of the
region of high stringy naturalness tends to lie safely beyond
LHC sparticle search limits while at the same time yielding a
Higgs mass m;, ~ 125 GeV. While early naturalness calcu-
lations preferred low m( and m, /, regions [91-94], we see
now that stringy naturalness prefers the opposite [11]: as
large as possible values of mM" and m1 /2 subject to the

(anthropic) condition that mYJ, is within a factor of 4 of our
measured value (lest the atomic principle be violated). Thus,
the most stringy natural region statistically prefers a light
Higgs mass m;, ~ 125 GeV with sparticles beyond LHC Run
2 reach.

In frame Fig. 1(b), we increase the value of n, to 2 while
keeping n, ), fixed at 1. Likewise, in frames 1(c) and 1(d), we
increase n to 3 and 4, respectively. The number of dots in the
various frames are normalized to ~1500 so that the relative
density, indicating the relative stringy natural regions, can be
compared on an equal footing. As n, increases, correspond-
ing to more moduli fields contributing to SUSY breaking in
the scalar sector, the stringy natural region migrates toward
higher values of m}!™ and a sharpening of the Higgs mass
prediction that mj ~ 125 GeV. In fact, in frame 1(d)
for ny =4, there are only a few scan points with
my, < 123 GeV. An anti-intuitive conclusion from our
calculations is that a 3 TeV gluino is more stringy natural
than a 300 GeV gluino.

In Fig. 2, we show the histograms of Higgs mass
probability for n;,, = 1 with ny = 1, 2, 3, and 4. As seen
from the plot, as n, increases, the probability distribu-
tion dP/dm; does indeed sharpen around the value of
my, ~ 125 GeV.
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FIG. 1. The m{™ vs m}’}! plane of the GMM’ model for a value of n; , = 1 for all frames but with (a) ny = 1, (b) ny = 2, (c) ny = 3,
and (d) ny=4. For all frames, we take ms3;, =20 TeV, u =200 GeV, my =2 TeV, tanf =10, and a3 = 1.6,/c,,. We

require mbY < 4m9V.

C. Parameter space scan procedure for GMM’' on the
landscape

We use ISAJET to scan the GMM’ model parameter space
as follows:
(i) We select a particular value of m3/, = 20 TeV which
then fixes the AMSB contributions to soft SUSY
breaking terms.

GMM’
0.8 Cdno=1,mp=1
[ ne=2,mp=1
0.7 ne=3,mp=1
-
| Cd ng=4,mp=1
— 0.6
o
o 05
e~
£ 0.4
203
o
0.2
0.1
0.0 117 119 121 123 125
mp[GeV]

FIG.2. Probability distribution dP/dmy, vs m, for n;, = 1 and
ng=1, 2, 3, and 4 for scans of the GMM’' model for
m3;; =20 TeV, u =200 GeV, my =2 TeV, tanf = 10, and
a3 = 1.6,/c,,. We require m5" < 4m9Y.

(i) We also fix g = 200 GeV for a natural solution to
the SUSY u problem. This then allows for arbitrary
values of mbV to be generated but disallows any
possibility of fine-tuning u to gain the measured
value of m9Y in our universe.

Next, we will invoke Douglas’ power-law selection
[8,14,15] of moduli-mediated soft terms relative to
AMSB contributions within the GMM’ model. Thus, for
an assumed value of n;/, and nj, we will generate

(1) a™2 with a: 3-25, corresponding to a power-law
statistical selection for moduli/dilaton-mediated
gaugino masses M, (a =1-3 over the gauge

groups).

(ii) (aza)™, a power-law statistical selection of moduli-
mediated A-terms, with (aza):3 — 100.

(i) (v/cn30?)™ to gain a power-law statistical selection
on third generation scalar masses mgy(3), with
(\/ cm3a?): 3-80.

(iv) (v/cna®)™ to gain a power-law statistical selection
on first/second generation scalar masses mg(1,2),
with (v/c,,a?): \/cm3a® — 320.

(v) apower-law statistical selection on m%,d via mzo with

m4:300-10, 000 GeV.
(vi) a uniform selection on tan : 3-50.
We adopt a uniform selection on tan f since this parameter
is not a soft term. Note that with this procedure—while
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FIG. 3. Probability distribution for mass of light Higgs
boson m;, for ny; =1 with ng =1 (blue line) and ny =2
(red line) from statistical scans over the GMM’ model with
ms /2= 20 TeV.

arbitrarily large soft terms are statistically favored—in
fact, they are all bounded from above since once they
gettoo big, they will lead either to nonstandard EW vacua or
else too large a value of mbV. In this way, models
such as split SUSY or high scale SUSY would be ruled
out since for a fixed (natural) value of x (which is not then
available for fine-tuning), they would necessarily lead
to mbY > (2 — 5)m9V.
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D. Higgs and sparticle mass distributions for varying n,

In Fig. 3, we show the probability distribution for the
light Higgs mass dP/dm,, vs my, from our general land-
scape scans using n;, = 1 but with ny = 1 (blue line) and
2 (red line). Both distributions peak around m;, ~ 125 GeV,
but the general scan with the harder ny, = 2 statistical draw
on scalar and trilinear soft terms is more sharply peaked
around 125 GeV than the ny = 1 case. This confirms the
behavior shown previously in Fig. 2 for the more restrictive
scan. We also generated scans with ny = 3 and 4, but these
tend to become very inefficient since as n, increases, one
gets pushed almost always into no EWSB or CCB minima,
or minima with too large a value of mPy,, .

In Fig. 4, we show probability distributions for
(a) dP/dmy vs my, (b) dP/dm; vs my, (c) dP/dm;, vs
mz,, and (d) dpP/ dm A VS My. From frame 4(a), we see that
the landscape prediction for m; lies between 1.5 and 5 TeV
with a peak around 2.5 TeV for ny = 1 and around 4.5 TeV
for ny = 2. Thus, contrary to traditional naturalness, stringy
naturalness predicts a gluino mass typically well above
LHC mass limits. The reach of HE-LHC with /s =
27 TeV has been computed in Ref. [95] where the
95% C.L. LHC reach with 15 ab~! was found to be
my < 6 TeV. This is to be compared with the (5¢) reach
of HL-LHC with 3 ab~! which extends to my ~ 2.8 TeV
[96]. Thus, an energy doubling of LHC may well be
required to discover SUSY in the pp — §§X channel.

T
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FIG. 4. Upper panels: Distributions in m; (left) and m;, (right). Lower panels: Distributions in mj, (left) and m (right). Here, n;, = 1

but ny = 1 (blue lines) and ny =

2 (red hnes) are from statistical scans over the nGMM’ model with ms,, = 20 TeV.
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The distributions for m; change little with varying n since
the gaugino mass distribution depends instead on 7, ;.

In frame 4(b), the landscape probability distribution for
m;, lies between my :1-2 TeV with a peak probability
around m; ~ 1.5 TeV for both cases ny = 1 (blue line) and
ng = 2 (red line). These distributions hardly depend on the
ng value since for fixed p ~ m,, the largest contribution
tO Myeqi typically comes from Xk (7, ,) which sets the upper
bound on m; . The current limit from LHC Run 2 is that
m; 2 1.1 TeV [97,98]. Thus, we see that LHC Run 2 has
only started exploring the predicted stringy natural param-
eter space via stop pair production. For comparison, the 5S¢
(95% C.L.) HE-LHC reach with 15 ab~! extends to stop
masses of 3 (3.5) TeV. Thus, again we would require an
approximate doubling of LHC energy in order to cover the
entire range of stop masses in landscape SUSY.

In frame 4(c), we see the landscape prediction for m;, lies
in the 2-5 TeV range. The reach of HL- and HE-LHC for 7,
should be similar to their reaches for m; . Thus, we would
expect HE-LHC to cover only about half the expected mass
range for the heavier top-squark 7,. The predicted statistical
distribution for m;, shifts to higher m;, values for larger n
as might be expected.

In frame 4(d), we find the distribution for m, to lie
within the m, ~1-8 TeV range with a peak around
my ~ 3 TeV for both ny = 1 and ny = 2. The upper bound
on m, comes from the mj3; /(tan® f — 1) term in Eq. (2): if
it is too large, then mPy , will become too large. From this
point of view, it is not surprising that the Higgs sector looks
highly SM-like at LHC so far since there is a decoupling of
heavier Higgs particles embedded mainly in the Hy,
multiplet while the H, multiplet is very SM-like.

In Fig. 5, we show the string landscape prediction for
first/second generation matter scalars, as typified by my, .
From this plot, for n;,, = 1 and ny = 1, we see that first/
second generation matter scalars extend from 10 to 35 TeV
with a peak distribution around mj, ~ 22 TeV. The upper

0.1
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FIG. 5. Probability distribution dP/dm;, vs m;, from general
scan for n;/, = 1 but for ny =1 and 2.

bound on first/second generation matter scalars arises not
from Yukawa terms (tiny) or D-terms (which largely
cancel) but from two-loop RGE contributions which, if
they get too large can drive top-squark soft terms to
tachyonic values. As we increase ng to 2, the distribution
in my hardens even further to a peak around
my, ~ 30 TeV. Both first and second generation matter
scalars are pulled to a common upper bound since the two-
loop RGE terms are flavor independent. This leads to the
string landscape mixed quasi-degeneracy/decoupling sol-
ution to the SUSY flavor and CP problems [19]. In fact, in
previous times model builders fought a hard battle to find
schemes which lead to universal scalar masses as a means
to solve the SUSY flavor problem. In contrast, in the string
landscape picture, the expected nonuniversality of scalar
masses turns out to be an asset since the different soft terms
can be drawn to sufficiently large values while their
contributions to the weak scale remain small. This mecha-
nism leads to its own mixed quasi-degeneracy/decoupling
solution to the SUSY flavor and CP problems.5

IV. CONCLUSIONS

In this paper, our main goal was to examine the form of
soft SUSY breaking terms that would arise in string
compactifications to a 4D, N =1 supergravity theory
including the MSSM as the low energy EFT (the fertile
patch). The statistical approach adopted here—pioneered
by Weinberg, Bousso and Polchinski, Susskind, Douglas
[2,4,5,14], and others—does not depend on any particular
string theory vacuum, but rather on the existence of a vast
landscape of metastable string vacua where each may
correspond to a different pocket universe (with different
4D laws of physics) within the multiverse. In string theory,
one expects of order ten hidden sectors per vacuum
solution, and several of these may contribute to the overall
SUSY breaking scale. Since nothing in string theory prefers
one SUSY breaking VEV over another, it is commonly
expected that these will be distributed uniformly in the
landscape. In such a case, there is a statistical draw to large
soft terms since most of the volume of the multidimensional
SUSY breaking space resides on the outermost shells
[8,14,15]. The draw to large soft terms must be tempered
by the requirement that the derived value of the pocket-
universe weak scale lie not too far removed from the
measured value in our universe, lest atoms as we under-
stand them not arise (the atomic principle) [20,21]. Our
methodology here is rather modest: we merely combine
these two ideas and then apply them to a statistical
evaluation of expected soft terms arising in the MSSM.

We assumed the EFT consisted of the usual MSSM
visible sector fields along with a hidden sector of moduli
fields which would serve as the arena for SUSY breaking.

3See also Ref. [99].
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Using the well-known formulas for soft SUSY breaking
terms in N =1 SUGRA, we would expect the gaugino
masses m, ,, the various scalar masses my(i), mpy, ,, and
the A terms to scan independently due to their different
functional dependence on the moduli fields.

For the soft breaking scalar masses, we expect generally
nonuniversal soft terms due to different dependence of the
Kéhler metric on the compactified space. This reflects the
expected geography of visible sector fields on the com-
pactified manifold, as emphasized by Nilles and
Vaudrevange [100] (whose conclusions were drawn from
the context of heterotic orbifold models). In past times,
nonuniversality of soft scalar masses was a thing to be
avoided in that it could lead to dangerous flavor-violating
processes. Various contorted model-building efforts were
thus made to avoid the generic nonuniversality expected
from realistic string compactifications. However, in the
context of the string landscape, scalar mass nonuniversality
turns out to be a desired property. This is because the
landscape likely contains a statistical draw toward large soft
terms, especially in the scalar mass sector. The draw to
large m%,u, which stops just short of the living dangerously
feature of “no-EWSB,” pulls m%,” to values associated with
radiatively driven naturalness, wherein large high scale soft
terms are evolved via RGEs to natural values at the weak
scale [17]. Likewise, A terms are drawn large enough to
generate maximal mixing in the stop sector, thus minimiz-
ing the top-squark contributions to the weak scale while
lifting m;, — 125 GeV, while stopping short of such large
values as to generate CCB minima in the scalar potential
[17,18]. Also, first/second generation scalars are drawn to a
common upper bound in the 2040 TeV range which leads
to a mixed quasi-degeneracy/decoupling solution to the
SUSY flavor and CP problems [19].

We also examined the soft terms in the context of how
strongly they would be statistically drawn to large values by
the string landscape. In many viable string models, the tree
level gauge kinetic function depends only on the dilaton
field so that a statistical pull of m(gaugino)™, with
ny;, =1 is expected. In contrast, the scalar masses and
A terms typically depend on all the moduli fields which
would contribute to SUSY breaking, and thus a much
stronger draw of m_%, with ny > 1 may be expected.

We illustrated the consequences of these different stat-
istical draws in our scans over generalized mirage-mediation
model GMM' parameter space wherein comparable moduli-
mediated and anomaly-mediated contributions to soft terms
arise. The cases with ny > n;, lead to predictions of greater
splitting in the SUSY particle mass spectrum with first/

TABLE I. Expected range of Higgs and sparticle masses in the
generalized mirage mediation (GMM’) model from the string
landscape with n;/, = 1 but with ng =1 or ny = 2.

Mass ng =1 ng =2
my, 1257, GeV 1257} GeV
m; 3.5+£25 TeV 4+£2 TeV
m;, 1.6 £ 0.8 TeV 1.6 £ 0.8 TeV
m, 3.5£1.5TeV 3.5+ 1.5 TeV
my 4+£2 TeV 4+2TeV
my(1.2) 22410 TeV 3076, TeV

second generation scalar masses >> third generation and
gaugino masses. As n increases relative to ny,, the Higgs
mass probability distribution sharpens even more to its
expected peak at m; ~ 125 GeV.

What are the phenomenological consequences of the
string landscape for LHC and dark matter searches? Our
results are summarized in Table I from our scans over the
GMM'’ model with n , = 1 and with n;, = 1 or 2. Typically,
our statistical landscape approach to SUSY phenomenology
predicts a Higgs mass m;, ~ 125 GeV with sparticle masses
beyond LHC reach. Since the landscape predicts my ~ 3.5 +
2.5 TeV and m; ~ 1.6 0.8 TeV, an energy upgrade of
LHC to at least y/s ~27 TeV may be needed for SUSY
discovery in the gluino pair or top-squark pair production
channels. However, since the Higgsino mass parameter y is
required not-to-far from m,.y ~ 100 GeV, it might be
possible for LHC experiments to eke out a signal from
direct Higgsino pair production reactions such as pp — 7979
in the soft, opposite-sign dilepton channel [23], perhaps in
association with a hard jet radiation [101-104]. The param-
eter space for this SUSY discovery channel is just beginning
to be explored [105].

Regarding dark matter, we would expect it to be composed
of both SUSY DFSZ axions [66,106] (which have a sup-
pressed coupling to photons [107]) along with a smaller
component (~10%-20%) of Higgsino-like WIMPs [108].
The multiton noble liquid detectors now being deployed
should have future sensitivity to the entire expected param-
eter space [109], so we would expect a WIMP discovery
should still be forthcoming in the next 5—10 years.
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