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In a fertile patch of the string landscape which includes the minimal supersymmetric standard model
(MSSM) as the low-energy effective theory, rather general arguments from Douglas suggest a power-law
statistical selection of soft breaking terms [mj ; where n = 2np + np — 1 with ny the number of hidden sector
F-supersymmetry (SUSY) breaking fields and np the number of D-term SUSY breaking fields]. The statistical
draw towards large soft terms must be tempered by requiring an appropriate breakdown of electroweak (EW)
symmetry with no contributions to the weak scale larger than a factor 2-5 of its measured value, lest one violates
the (anthropic) atomic principle. Such a simple picture of stringy naturalness generates a light Higgs boson with
mass my;, >~ 125 GeV with sparticles (other than higgsinos) typically beyond LHC reach. Then we expect first
and second generation matter scalars to be drawn independently to the tens of TeV regime where the upper
cutoff arises from two-loop renormalization group equation (RGE) terms that drive third generation soft masses
towards tachyonic values. Since the upper bounds on myg(1,2) are the same for each generation, and flavor
independent, then these will be drawn toward quasidegenerate values. This mechanism leads to a natural mixed
decoupling/quasidegeneracy solution to the SUSY flavor problem and a decoupling solution to the SUSY CP

problem.
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I. INTRODUCTION

The emergence of the string landscape picture [1-5] pro-
vides so far the only plausible mechanism for understanding
the extreme suppression of the vacuum energy density of the
universe pPyqe = Ac? /8rGy) =~ (3 meV)* from its expected
value ~m} (over 120 orders of magnitude suppression). As-
suming a multiverse [6] with a huge (of order 10°% [7] or
far greater? [8]) assortment of vacua states with cosmological
constant (CC) uniformly distributed across the decades, then
those pocket universes with A somewhat larger than our mea-
sured value would lead to such rapid expansion that galaxies
would not condense, and presumably observers would not
arise. Weinberg used such reasoning to predict the value of A
to within a factor of several well before it was experimentally
measured [9,10].

Given the success of the landscape in predicting A, can
multiverse arguments also be used to predict the scale of
supersymmetry (SUSY) breaking [11,12]? A statistical ap-
proach to understanding the SUSY breaking scale has been
advocated by Douglas [12,13]. In this approach, naturalness
is replaced by stringy naturalness [14,15] wherein observable
O, is more natural than observable O, if more phenomeno-
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logically viable vacua lead to O, than to O;. The key phrase
“phenomenologically viable” can be used here in an anthropic
sense, as in the case of the cosmological constant, in that
such vacua lead to pocket universes that can admit life as we
understand it.

Specifically, we might write the distribution of vacua as
[12]

dNyyc [m]zlidden > Myeak A]
9]

where mpigqen 18 @ mass scale associated with hidden sector
SUSY breaking which gives rise to (in gravity mediation,
which is assumed here)! a gravitino mass ms;, mﬁidden /mp
via the super-Higgs mechanism. In such models, then we ex-
pect the appearance of soft SUSY breaking terms, collectively
denoted here as myof;, of order mgo ~ m3p [22-24].

For the prior distribution fsysy, Douglas proposed on
rather general grounds a power-law ansatz [11,12]

fsusy (mlzlidden) ~ (mlzlidden)an el , 2)

where np is the number of hidden sector F-breaking fields
and np is the number of contributing D-breaking fields. This

2 2
= fsusy (mhidden) - fewss - fcc - dmhidden

'In gauge mediation, typically the trilinear A parameter ~0 so there
is little mixing in the stop sector, and consequently too light a value
for the SM-like Higgs boson my,, unless soft terms have extremely
large, unnatural values [16—19]. In gravity mediation, since then we
expect large A terms, there is no such problem to gain m;, >~ 125 GeV
with natural soft term values under the Agw fine-tuning measure
[20,21].
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is reflective of general string theory models which typically
contain of order 10 hidden sectors some or all of which might
contribute to SUSY breaking. Only for np = 0, np = 1 would
we obtain (the usually assumed) uniform distribution of soft
breaking terms. Already for np = 0, np = 1, we would expect
a linear statistical draw towards large soft terms. For more
complicated hidden sectors, then the statistical draw toward
large soft terms would be even stronger.

Early on, these considerations led to extensive debate over
whether to expect high scale or weak scale SUSY breaking
[11,12,25]. Such debate was in part predicated on the influ-
ence of cosmological constant selection on the SUSY break-
ing scale. Initial expectations were that fcc ~ A /e~ FOl-
lowing Douglas [12], the consensus emerged that fcc would
be independent of the SUSY breaking sector, and that fcc ~
A/ mgtring'

The third element in Eq. (1) is fgwss. This function
contains any anthropic requirements. For the case of SUSY,
it also depends on the anticipated solution to the SUSY pu
problem: why is the SUSY conserving i parameter of order
the weak scale rather than the Planck scale [26]? Here, we will
assume a natural solution to the SUSY u problem, i.e., that
] ~ Mmyeak. If |1t] >> Myeak, then some fine-tuning would
be required to gain a value of myy close to the 100-GeV
scale. Such fine-tuning requires a tiny range of compensating
opposite-sign soft terms to maintain the weak scale not-too-
far from its measured value [15]. And as shown by nuclear
physics calculations of Agrawal et al. [27], a pocket universe
value of myeqx displaced by a factor 2—5 from our measured
value would lead to catastrophes in nuclear physics that would
violate the atomic principle.

The magnitude of the weak scale is related to SUSY
Lagrangian parameters via the scalar potential minimization
condition

m%,d + Ej — (m,zﬂ + E,‘f) tan? B B ,lL2
tan? g — 1
~ — m121 -3 - w?, 3)

my/2 =

where the £¥ and £¢ terms contain a large sum of radiative
corrections (for expressions, see Appendix to Ref. [21]). In
fact, the electroweak fine-tuning measure Agw [20,21] con-
servatively requires that the weak scale terms on the right-
hand side of Eq. (3) be comparable to the observed value m% /2
on the left-hand-side. This is a manifestation of the notion of
practical naturalness [28]: that various additive contributions
to any observable should be comparable to or less than that
observable: if not, then (implausible) fine-tunings are required
to enforce the observable at its measured value. In most SUSY
phenomenology papers, the measured value of m is used to
fix (fine-tune) the value of u?. In our approach, since ju is
already fixed at a natural value due to the solution to the
SUSY p problem, then my is left variable. We denote the
various pocket universe values of the Z mass as mbY which
is different from the measured value in our universe [29,30].
With u fixed, then different statistical entries for the soft terms
will determine an associated pocket universe value for the
weak scale, and consequently for mbY.

An initial guess for this term [31] was fgwsp ~
(Myeak/ Meott )* which follows the gross behavior of fine-tuning

measures Agg [32] (Agw) which compare the largest high
scale (weak scale) SUSY breaking contribution to the size of
the weak scale itself: then the ansatz for fgwsp rewards vacua
with soft terms that are closest to the magnitude of the weak
scale itself.

As pointed out in Refs. [29,30], this ansatz fails in five
cases (and a sixth case will be discussed later in Sec. II).
(1) Very large trilinear soft terms lead to charge-or-color
breaking (CCB) vacua. Such vacua are unlikely to support the
existence of atoms” (the atomic principle) and hence life as
we know it. Such CCB minima must be vetoed and not merely
penalized by a statistical factor.

(2) If other soft terms such as m,21 are too large, then they
are not driven negative at Q = myex and EW symmetry is not
even broken. Such vacua must also be vetoed.

(3) For small (seemingly more natural) values of m,zﬂ, then
m%,“ is driven to large negative values, resulting in too large of

values of m5Y, in violation of Agrawal et al. limits. As m}, (A)
increases, its weak scale value decreases (radiatively driven
naturalness) resulting in a more natural theory with mbY close
to the measured value in our universe.

(4) As the trilinear soft term Aq increases (seemingly more
unnatural), then large cancellations in (7} ») render these
contributions more natural, and mgU closer to our measured
value.

(5) Even in the event of appropriate EW symmetry break-
ing, the ansatz fgwsp ~ (Myeak/ Mot ) penalizes but does not
forbid vacua with too large a value of mbY. Surviving vacua
with m5Y 2> (2-5)m%** must be vetoed since these would
contradict the nuclear physics analyses of Agrawal et al. [27].

To ameliorate this situation, it was proposed in
Refs. [29,30] to instead veto any non-standard EW vacua and
also to veto any vacua with too large a value of m5Y greater
than a factor four larger than our measured value. For a fixed
natural value of p, this latter condition corresponds to vetoing
pocket universes with Agw > 30. Thus we also implement

Sfewss = ©(30 — Agw). “4)

By scanning over models such as NUHM2 [33] or NUHM3
which allow for an input p parameter, with soft terms gen-
erated according to m[; for n =1 and 2, along with the
anthropic vetos from fgwss, then the following features were
found [30].

(1) A statistical peak was found at mj, >~ 125 £ 2 GeV.
This is easy to understand: we are selecting for soft terms as
large as possible subject to appropriate EWSB and a value of
mbY < 4m3e*. This also selects for large (but not so large as
to lead to CCB minima) Ag terms which increase top squark
mixing and lift m;, up to the vicinity of 125 GeV. (2) The
probability distribution dP/dm; yields a value mg ~ 4 &2
TeV, safely above LHC2 limits. (3) The light top squark is
lifted to m; ~ 1.5+ 0.5 TeV, also safely above LHC Run
2 limits. (4) Light higgsinos ;= and )N({) , with mass ~u ~
200 £ 100 GeV. The mass gap is mge —mzo ~7+£3 GeV.

2This is known as the atomic principle: life as we know it seems
to require the existence of atoms and molecules as exist in, e.g., our
universe.
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Thus higgsino pair production signals should ultimately show
up at LHC14 via pp — X%3 production followed by ¥3 —
£7¢=%? decay with m(£7¢7) < (7 & 3) GeV once sufficient
luminosity is gained [34-36]. (5) First and second genera-
tion matter scalars (squarks and sleptons) are pulled up to
m(g, €) ~ 20 £ 10 TeV.

The present paper focuses on this latter point. Apparently,
with first and second generation matter scalars being pulled
up to the multi-TeV regime, then one is also being pulled up
to a potential decoupling solution to the SUSY flavor and CP
problems. The question is: how does this decoupling arise, and
is it enough to actually solve these two SUSY issues?

II. LIVING DANGEROUSLY WITH HEAVY SFERMIONS

In Sec. I, we emphasized that Douglas’ general stringy
considerations imply a statistical draw towards large soft
terms. However, the soft terms cannot become arbitrarily large
without leading to nonstandard EW vacua or else too large of
a value of pocket universe weak scale mbV: such vacua must
be anthropically vetoed.

Here, we concern ourselves with the upper bound on
matter sfermion masses for the first two generations, which
we label according to high-scale soft term values mg(1) and
mo(2). For simplicity, we will assume all high scale matter
sfermion masses within a single generation are degenerate
[as is expected in models containing some remnant SO(10)
GUT symmetry]. These could be placed for context within the
i-extra parameter nonuniversal Higgs models [33] (NUHMi,
i =2-4). In NUHM2, my(1) = mp(2) = my(3), while in
NUHM3, mo(1) = mo(2) # mp(3). Here, NUHM4 is con-
sidered since we are allowing for splittings between first and
second generation masses (as well as the third), i.e., mo(1) #
mp(2) # mp(3). But we will also allow for the presence of
off-diagonal soft term masses. To make contact with general
constraints from SUSY flavor and CP-violating processes,
as presented, for instance, in Refs. [37-41]. we will work
within the superCKM mass basis wherein the quark and lepton
mass matrices are diagonal but the squark and slepton mass
matrices are not yet diagonalized.

From a scan over NUHM3 parameter space in Ref. [30],
it was found that the statistical distribution of first/second
generation sfermion masses for n = 1 or 2 was peaked around
my ~ 20 TeV but with tails extending as far as 40 TeV. What
sets the upper bound for such sfermion masses?

At first sight, the X/ and Ej terms contain first/second gen-
eration D-term contributions to the EW scale. For first/second
generation sfermions, neglecting the small Yukawa couplings,
we find the contributions

u ~ C
Swi o) = FiomF (%) (= 48T = Qeniw)). ()

where T3 is the weak isospin, Qep, is the electric charge assign-
ment (taking care to flip the sign of Qe for right-sfermions),
ceol = 1(3) for color singlet (triplet) states, xy = sin® Ay and
where

2
F(m?) = m (ln mo_ 1). 6)
Q2

We adopt an optimized scale choice Q% = m3,qy = m;m;,.>

The explicit first generation squark contributions to X (ne-
glecting the tiny Yukawa couplings) are given by

3, L .(1 2
T2’ (i) __4gz<§ N EXW”’
Uy~ 3 2 I 2
sitin) = ozt ) 46 (5 )|
urg 3 2 [ 2 1 1

3 I 1
16ﬂzF(mj;R) _—4g2Z <—§xw>:|. (7

These contributions, arising from electroweak D-term contri-
butions to masses, are frequently neglected since the various
contributions cancel amongst themselves in the limit of mass
degeneracy due to the fact that weak isospins and electric
charges (or weak hypercharges) sum to zero in each gener-
ation. However, if squark and slepton masses are in the multi-
TeV regime but are nondegenerate within each generation,
then the contributions may be large and noncancelling. In this
case, they may render a theory which is otherwise considered
to be natural, in fact, unnatural.

The first generation slepton contributions to X/ are given
by

¥, (i) =

TX(dg) =

1 1
E,L;(éL) = @F(mi)[—4gé (—5 +Xw>:|,
1
Xi(er) = @F(méR)[—4g§(—xw>], ®)

1 1
Bt = o5 )| 42 (3) |

these may also be large for large m% although again they
cancel amongst themselves in the limit of slepton mass de-
generacy.

In our evaluation of Agw, in fact we sum all contributions
from a complete generation before including them into Agw.
This allows for complete D-term cancellations in the limits of
weak scale sfermion degeneracy. Of course, the sfermions are
not completely degenerate at the weak scale even if they begin
as degenerate at the high scale Q = mgyr due at least to weak
scale D-term contributions to their masses. We have evaluated
these contributions and find they lead to upper bounds on
mo(1,2) < 5000 TeV for Agw < 30, so that these D terms
do not set the upper limits on first/second generation sfermion
masses.

A stricter constraint on first/second generation sfermion
masses from the landscape comes from 2-loop renormaliza-
tion group equation (RGE) contributions to the running of
sfermion masses. The form of the two loop RGEs for sfermion

3The optimized scale choice is chosen to minimize the logarithmic
contributions to X!(f;,) which occur to all orders in perturbation
theory.
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masses is given by

= bl
dt 16712 (16 2)20m

wheret =InQ,i=0Q;, U;, D;, Lj,and E;, and j = 1-3 is
a generation index. The one loop 8 function for the evolution
of third generation scalar masses depends only on third gen-
eration and Higgs scalar masses and on the gaugino masses.
The two loop terms are formally suppressed relative to one
loop terms by the square of a coupling constant as well as
an additional loop factor of 167%. However, these two loop
terms include contributions from all scalars. Specifically, the
two loop B functions include [42]

2 =l a,g%m + bthUZ + Clgzal»

ﬁ< : )

(10)

where

o1 = 381{3(my, +mp,)
+ Tr[m, + 3m] + 8m;, + 2m}, 4 6m; ]},
02 = §{mpy, +my, + Tr[3mg +mi]},

and
03 = g%Tr[ZmZQ + mé + m%],

and the m? are squared mass matrices in generation space. The
numerical coefficients a;, b;, and c; are related to the quantum
numbers of the scalar fields, but are all positive quantities.

Thus, incorporation of multi-TeV masses for the first and
second generation scalars leads to an overall positive, possibly
dominant, contribution to the slope of third generation soft
mass trajectories versus energy scale. Although formally a
two loop effect, the smallness of the couplings is compensated
by the much larger values of masses of the first two genera-
tions of scalars. In running from mgyr to Myeak, this results
in an overall reduction in third generation scalar masses. In
fact, this effect was argued in Ref. [43] to lead to violation
of naturalness constraints from a decoupling solution to the
SUSY flavor problem. It was also used in Refs. [44,45] to
generate SUSY models with an inverted scalar mass hierarchy
to reconcile naturalness with a decoupling solution to the
SUSY flavor and CP problems along the lines of “effective
supersymmetry” [46]. For values of sfermion masses which
fall short of tachyonic, a sort of see-saw effect amongst
scalar masses occurs: the higher the value of first and second
generation scalar masses, the larger will be the two loop
suppression of third generation and Higgs scalar masses. In
this class of models, first and second generation scalars with
masses of order 10—40 TeV may coexist with TeV-scale third
generation scalars, thus giving a very large suppression to
both FCNC and CP violating processes while driving third
generation sfermions to natural values.

In the context of our string landscape picture, this is yet an-
other example of living dangerously,* wherein soft terms are

4 Arkani-Hamed and Dimopoulos [47] state: “anthropic reasoning
leads to the conclusion that we live dangerously close to violating
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FIG. 1. We plot the value of Agw vs my(1, 2) formy(3) =5, 7.5,
and 10 TeV and m; » = 1200 GeV, Ay = —1.6m,(3) and tan 8 = 10
with © = 200 GeV and m, = 2000 GeV.

pulled to large values which actually increases the naturalness
of the theory so long as we stop short of impending disaster:
which in this case would be that huge first/second generation
sfermion masses might drive third generation masses tachy-
onic leading to CCB vacua.

The situation is illustrated in Fig. 1 where we adopt the
NUHM3 model to plot the value of Agw versus mg(1, 2) for
myp = 1200 GeV, Ag = —1.6mp(3) and tan § = 10 with u =
200 GeV and my = 2000 GeV. We also take m((3) = 5, 7.5,
and 10 TeV (blue/orange, green and red curves, respectively).
From the plot we see that as mqg(1,2) increases, the mod-
els are driven to greater naturalness in that third generation
soft terms are driven to smaller values by large two-loop
RGE contributions. As mg(1, 2) increases even further, then
cancellations with the ij(fl,z) terms are disrupted and the
models again become more unnatural, leading to too large of
contributions to the pocket universe weak scale mbY. For even
higher my(1, 2) values, then the top squark soft term mtzR is
driven tachyonic leading to CCB vacua.

An important point is that for particular parameter values,
we do gain an upper bound on first/second generation soft
terms. The upper bound changes within parameter space
variation, but depends only on gauge quantum numbers, so
it is the same for both generations one and two. Thus, the first
and second generation soft masses are pulled to large values
by the landscape, but with the same upper bounds. This means
that for strong enough pull, then my(1) and m((2) will be
pulled to similar upper limits. If the pull is strong enough, they
will be pulled towards quasi-degeneracy, which helps, along
with decoupling, to solve the SUSY flavor problem.

III. SUSY FLAVOR AND CP PROBLEMS
A. Flavor

In the SM, a fourth quark, charm, was posited in order to
suppress flavor changing neutral current (FCNC) processes,
for which there were strict limits [48]. In a successful applica-

an important but fragile feature of the low-energy world. . .,” in this

case, appropriate electroweak symmetry breaking.
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tion of practical naturalness, Gaillard and Lee [49] required
the charm-quark box diagram contribution to the myg, —
mg, = Amg mass difference to be less than the measured
value of Amyg itself: this lead to the successful prediction
that 1 GeV < m, < 2 GeV shortly before the charm quark
discovery.

By supersymmetrizing the SM into the MSSM, then many
new parameters are introduced, mainly in the soft SUSY
breaking sector [50]. These include sfermion mass matrices

Lot > —f; (mf), f. (1n

where i and j are generation indices i, j = 1-3 and the
sfermion index f runs over the various matter superfields 0,
U<, D¢, [¢, and E€ in the notation of Ref. [51]. There are also
trilinear soft terms that can contribute to flavor violation:

Loon > @y)ij€anQf HY it + (a4)i;Of Haadyy;
+ (@ )i;L{ Haa®h; + Hee. (12)

In gravity mediation, the trilinears are expected to be propor-
tional to the corresponding Yukawa couplings so that these
terms are small for first/second generation values. We will
thus focus mainly on the mass matrices in Eq. (11).

In the superCKM basis, the 6 x 6 sfermion mass matrices
are built out of 3 x 3 LL, RR, LR, and RL submatrices which
have the form, e.g.,5

(mj%l)LL (A‘fz)u (A{S)LL
(mi’)LL = (A‘;)LL (m?z)u‘ (A;)LL (13)
(Al), (A%),  (mh),

with (m3 )L = V/myV,", (m)re = Vimg Vi, (m?)ie =

v sin

ﬁﬁ Viai Vi, etc. and where the CKM matrix is given

by Vku = VL“VLd ¥, For mass matrices proportional to the

unit matrix mzf~ = m?.l (flavor universality), then no flavor-

changing transitions are allowed and the SUSY flavor prob-
lem is solved. However, for gravity mediation, no known
principles enforce flavor universality because the transfor-
mation that diagonalizes the quark mass matrices does not
simultaneously diagonalize the corresponding squark mass
squared matrices. In that case, then the off-diagonal mass
matrix contributions Alfj may contribute to FCNC processes
via mass insertions, and furthermore, nondegenerate diagonal
terms can also lead to FCNC effects [52]. Constraints on
the off-diagonal terms are typically listed in terms of dimen-

(A Dirrr roke
—/———— where the

sionless quantities (S;G)LL,RR,LR,RL = =
m represent an averaged sfermion mass for the corresponding
mass matrix.

First we concentrate on limits for flavor-changing off-
diagional mass matrix elements as they vary from the weak
scale on into the decoupling regime. In Fig. 2, we list the most
restrictive limits on several A;; quantities arising from Amg
constraint [53-55] and also from updated branching frac-
tion limits on u — ey decay: BF(u — ey) < 4.2 x 10713

SFor a more detailed review, see Ref. [41].
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FIG. 2. Upper limits on off-diagonal squark mass terms from
Amg constraints (blue and red) and off-diagonal slepton masses from
BF (u — ey) (green).

at 90% CL [56]. We plot Fig. 2 for mg ~ 0.3m§ for Amg
constraints and mf?o = 0.3m although the constraints only

depend weakly on ]these mass ratios [39,40]. From Fig. 2,
we see that for sfermion masses of order the weak scale
~100 GeV, then the updated . — ey branching fraction now
slightly pre-empts the Amg constraints although all require
off-diagonal mass terms less than 1-10 GeV. These limits
exemplify the SUSY flavor problem from days gone by when
sparticles were expected to occur around the weak scale. As
mpg increases, then the restrictions on off-diagonal masses
become increasingly mild, thus illustrating the onset of the
decoupling solution to the SUSY flavor problem. For large
sfermion masses, then the Amg constraint is again most
confining. For m; ~ 10 TeV, the off-diagonal masses are
constrained to be <1-10 TeV, while for landscape SUSY
masses, where first/second geenration sfermions are expected
in the 20-30 TeV range, then the off-diagonal limits are
<5-—50 TeV. Such values are only mildly suppressed com-
pared to the average squark/slepton masses although one must
proceed into the my ~ 100 TeV range for unfettered flavor
violation [43].

Along with limits on off-diagonal mass matrix terms, to
achieve flavor universality one needs degeneracy on the diago-
nal. Limits on degeneracy have been computed in Misiak et al.
[41]. From the Amg constraint, for the first two generations of
squarks, these amount to

Img1 — mga| S 2mem /my (14)

for both up and down squarks. Thus, for sparticle masses of
order my, splittings of only a few GeV are allowed and we
must be in a state of near degeneracy. As mg; increases, then
these bounds become much weaker.

The situation is shown in Fig. 3 where we plot the GUT
scale values of the first two generation sfermion masses 1 (2)
versus mg(1) [as my(1, 2) increase, then weak scale sfermion
masses are nearly equal to high scale sfermion masses]. The
line of degeneracy is solid black, while the bounds from
Misiak et al. are labeled in green. Here, we see that for
sparticle masses of order the weak scale, then rather strict
degeneracy is required. However, as mg(1, 2) increase, then
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FIG. 3. The values of m(2) vs my(1) from an (a) n = 1, (b) 2, (c) 3, and (d) 4, statistical selection of first and second generations matter
scalar soft terms. The lower-left of green curves is excluded while red points denote soft terms scanned up to 20 TeV, while blue points show

points scanned up to 40 TeV.

degeneracy is gradually relaxed until by m(1, 2) ~ 10 TeV
the bounds essentially disappear, showing again the decou-
pling solution. In each of the four frames, we also show
the predicted landscape distribution of sfermion masses for
a statistical draw of (a) n = 1, (b) 2, (c) 3, and (d) 4. We adopt
particular, flavor-independent upper bounds of my(1, 2) < 20
and 40 TeV since the true upper bound is parameter depen-
dent. In frame (a) with n = 1, just a few landscape points lie
in the excluded region. As n increases, then there is a stronger
statistical draw towards large soft terms and the sfermion
masses are drawn to flavor independent upper bounds. Thus
there is also increasing degeneracy of diagonal soft breaking
terms. In this sense, the landscape provides a mixed decou-
pling, quasidegeneracy solution to the SUSY flavor problem.
For higher n values, then none of the landscape points lie in
the excluded region.

B. CP

Limits can also be placed on complex valued soft terms due
to their inducement of CP violating effects on € and €’/¢ in
the kaon system and also from neutron (d,) and electron (d,)
electric dipole moments (EDMs) [40,57]. The latter contribute
only to LR mixing terms and are suppressed by Yukawa
couplings for the first two generations so we concentrate on
the former kaon constraints.

In Fig. 4, we show the constraints on the Imaginary part
[Mm(AY) 12 and [|Im(A],)L(A],)re!]* from requir-
ing contributions to the € parameter to be below its mea-
sured value. The contributions are plotted against average

first/second generation squark mass for m§ /m,% = 0.3. From
the plot, we see that for weak scale sparticle masses mg ~
100 GeV, then the CP violating mass terms are required to
be below about 0.5-2 GeV. However, as m; is pulled towards
the landscape expected values in the tens of TeV range, then
the CP-violating masses are only constrained to be <4-10
TeV (assuming 30 TeV squark masses). For unfettered CP-
violating soft masses, then squark masses are required as high
as 100 TeV.

From the measured value of €’/e, we can also constrain
[[Im(A¢,)r1|1'/2. These results are shown in Fig. 5 versus the

2
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Limits from €
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FIG. 4. Upper limits on [Im|(A%),.]]"? (blue) and

[1m|(A‘f2)LL(A‘{2)RR|]1/ (red) from kaon system € constraints.
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FIG. 5. Upper limits on the imaginary part of off-diagonal squark
mass terms from kaon system €’/e constraints.

average first/second generation squark mass for mé / mé =0.3.
For weak scale squark masses, then the CP-violating mass
term is required to be <5 GeV. As my; increases into the
expected landscape range of 20—40 TeV, then the C P-violating
masses can lie in the 100 TeV range, thus solving the SUSY
CP constraint at least in this channel.

IV. CONCLUSIONS

The string theory landscape provides a compelling picture
for the magnitudes of soft SUSY breaking terms. Rather
general considerations of the string theory landscape from
Douglas point to a statistical draw towards large soft terms
while nuclear physics calculations from Agrawal et al. require
values of pocket-universe weak scale value displaced by no
more than a factor 2-5 from our measured value in order
to produce atoms as we know them. Assuming a natural
solution of the SUSY p problem, with @ ~ myeqx, then a
statistical sampling of soft terms allows the calculation of
pocket-universe mbY via Eq. (3). The results of the statistical
calculation pull m, — 125 &2 GeV while sparticle masses
are pulled beyond present LHC reach. Only higgsinos need to
lie close to the weak scale.

In this paper, we focused on the landscape pull on
first/second generation sfermion masses. Their upper bound
does not arise from EW D-term contributions (which allow
sfermions up to 1000 TeV due to large, nearly perfect cancel-
lations). Instead, their upper bound arises from two-loop RG
contributions to third generation soft masses which actually
push these values to small, even tachyonic values. As shown
in Fig. 1, this is yet another example of the landscape pull
toward living dangerously: increasing first/second generation

TABLE 1. Upper bounds from various measurements of flavor
changing and CP violating quantities considered in text for average
sfermion mass m; = 30 TeV.

Quantity Upper bound Source
(AL (AD)rel] <12TeV Amg
[|(A72)LL|]1/2 <30 TeV Amg
[(Af)N'? <200 TeV BF (u — ey)
Img1 — mg| unbounded Amy
[Im(AY)p |12 <10 TeV €
[Im(AY) 1 (AY)rel]* <3 TeV €
[Im(AY)p |12 <500 TeV €'/e

soft masses make the theory increasingly natural until they
move it towards disallowed too large weak scale values and
ultimately to CCB minima in the Higgs potential. First/second
generation soft masses are thus pulled into the tens of TeV
range towards a flavor-independent upper bound. This pro-
vides a mixed decoupling/quasi-degeneracy solution to the
SUSY flavor and CP problems.

We evaluated FCNC and CP-violating constraints in
Sec. III. While the SUSY flavor and CP problems do re-
quire flavor universality for weak scale sparticle masses, for
sfermions in the tens of TeV range, then the constraints are
greatly weakened but not entirely destroyed. Typically, off
diagonal soft term contributions to sfermion mass matrices
in the superCKM basis are required to lie in the multi-TeV
region for tens of TeV soft terms. In addition, the pull to
large, quasi-degenerate diagonal soft terms fulfills constraints
on soft term degeneracy for the first two generations. Also,
imaginary parts of SUSY soft terms are only mildly con-
strained for sfermions in the 20—40 TeV range. As an example,
we display in Table I a summary of important constraints
gained for the case of average sfermion mass my = 30 TeV.
Overall, we would conclude that the string landscape picture
offers a compelling picture of at best only mild constraints
on off-diagonal flavor changing soft terms and CP-violating
masses via a mixed decoupling/quasidegeneracy solution to
the SUSY flavor problem and a decoupling solution to the
SUSY CP problem.
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