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We revisit the various measures of practical naturalness for models of weak-scale supersymmetry
(SUSY) including: 1. electroweak (EW) naturalness; 2. naturalness via sensitivity to high-scale (HS)
parameters [Ellis-Enquist-Nanopoulos-Zwirner/Barbieri-Giudice (EENZ/BG)]; 3. sensitivity of Higgs soft
terms due to high-scale radiative corrections; and 4. stringy naturalness (SN) from the landscape. The EW
measure is most conservative and seems unavoidable. We debut a new numerical routine for calculating the
EENZ/BG measure from any SUSY Les Houches Accord file. We implement a careful analysis and
comparison of these measures in the mSUGRA/CMSSM and NUHMi model parameter spaces and via
parameter-space scans. We demonstrate the reasoning behind why—and the extent to which—the EENZ/
BG and HS measures overestimate the degree of fine-tuning. We find the overestimation can range up to a
factor of over 1000. While EENZ/BG and HS have ambiguities when applied to models such as anomaly-
and mirage-mediation, the EW measure has no such ambiguity and so we display the natural parameter
space regions of these models. SN depends on the landscape distribution of soft terms, but is closely related

to EW naturalness via the atomic principle.
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I. INTRODUCTION

Weak-scale supersymmetry (SUSY) provides a solution
to the hierarchy of scales problem [1,2] of particle physics
and is supported by data from four different virtual
effects':

(1) The successful running of gauge couplings to uni-
fied values within the minimal supersymmetric
Standard Model (MSSM) [3-6];

(2) The predicted large value of the top-quark mass
needed for radiatively-induced electroweak sym-
metry breaking (REWSB) [7-9];
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'Radiative corrections have historically been a reliable guide to
new physics and (as just a few examples) indeed have presaged
the discovery of the W and Z vector bosons, the top quark and the
Higgs bosons.
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(3) The match between the narrow theory-predicted
window of my values within the MSSM and the
subsequent Higgs boson discovery [10];

(4) Precision electroweak corrections which, in the m,
vs my plane, actually favor heavy SUSY over the
Standard Model (SM) [11].

In addition, some remnant SUSY is expected to survive
superstring compactification from 10/11 to four spacetime
dimensions on a Calabi-Yau manifold [12]. In fact, it is
conjectured that the landscape of all geometric, stable,
string/M theory compactifications to Minkowski spacetime
(at leading order) are supersymmetric [13]; manifolds
which do not respect these conditions typically lead to
Witten bubble-of-nothing instabilities. Also, in contrast to
the SM, SUSY leads to EW vacuum stability at ultrahigh
energies owing to gauge sector contributions (D-terms) to
Higgs quartic couplings [14]. Moreover, highly motivated
SM extensions which introduce a new high-energy scale—
such as the inclusion of see-saw neutrinos or a Peccei-
Quinn (PQ) sector to solve the strong CP problem—avoid
the Higgs mass blow-up due to the introduced new high-
mass scales [15—17] unless the underlying model is super-
symmetric. With respect to the axion solution to the strong
CP problem, intrinsically supersymmetric discrete R-sym-
metries [18], which are expected to emerge from string
compactifications [19], provide an avenue for emergence of

Published by the American Physical Society
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the required global U(1)p, symmetry with sufficient
precision as to solve the axion-quality problem [20,21].
In such models, the PQ scale f, is related to the hidden-
sector SUSY breaking scale

Mpidden ™~ fa ~ 10" GeV,

so that f, lies within the appropriate cosmological window
for axion production via coherent oscillations in the early
Universe [20]. String instanton effects on the axion quality
are also ameliorated within the MSSM [22]. While there are
few compelling mechanisms for successful baryogenesis
left within the rubric of the SM, the introduction of SUSY
leads to several new and/or improved mechanisms to
address the matter-antimatter asymmetry [23,24].

In spite of this litany of successes, it is common at this time
to dismiss weak-scale supersymmetry (WSS) [25] as a viable
beyond-the-Standard Model (BSM) theory due to the ap-
parent lack of new physics signals at the CERN Large
Hadron Collider (LHC) [26]. The data from LHC, which is
by-and-large in accord with SM expectations [27], is in
contrast to early theoretical expectations for WSS based upon
naturalness arguments that superpartners would emerge with
mass values not far from the weak scale [28-36]

Myeak = mW’Z.h ~ 100 GeV

At present, such arguments are being used to set policy and
guide future facilities for the high-energy physics (HEP)
frontier [37,38]. Given these crucial factors, it is essential to
go back and review the naturalness-based arguments to
assess when and where and if they present a reliable guide
to the search for new physics, as the original naturalness
arguments are more than 30 years old, and numerous insights
have lead to greater clarity in the present time.

In this paper, we revisit several proposed naturalness
measures which have been applied to various supersym-
metric models. As opposed to 't Hooft naturalness, these
measures determine the degree of what is defined in Sec. III
as practical naturalness; that all independent contributions to
some observable O are comparable to, or less than, O.
Historically, the first of these is the Ellis-Enquist-
Nanopoulos-Zwirner/Barbieri-Giudice (EENZ/BG) [28,29]
measure (labeled here as Agg) which determines the sensi-
tivity of the measured value of the weak scale to variation in
model parameters p; (i indexes the various parameters under
consideration). Conventionally the p; have been taken to be
the various soft SUSY breaking terms starting at a high
effective field theory (EFT) cutoff scale

A = mgur =2 x 1016 GeV.

This Agg measure associates a numerical value to Susskind’s
definition of naturalness [39],

dlogm%
dlog p;

Apg = ma
1

(1)

Di Om%‘
i |\mZop;|

For small Agg < 30, then sparticle masses are expected to lie
below the several hundred GeV range, although in some
special regions of model parameter space, such as the
focus point region [40,41] of the minimal supergravity
(mSUGRA) [42], or constrained MSSM (CMSSM) [43],
multi-TeV scale top squarks can be allowed. Despite its
popularity, this measure has been argued to overestimate
fine-tuning in SUSY models by large factors and to give
ambiguous answers depending on exactly which parameters
are chosen to be the fundamental p; [44,45].

A second measure, which we label here as Ayg (for high-
scale sensitivity of the up-Higgs soft mass m%,) starts with
the approximate SUSY-Higgs mass relation

mi ~ p* + m%,u (weak),
where
m%,u (weak) = m%,“(A) + 5m%1£(.
One then requires
Aps = 5’"%1”/’”% (2)

to be small. This measure, which is inconsistent with Agg
in that it doesn’t allow for multi-TeV top squarks even in
the focus point (FP) region, has led to intense scrutiny of
LHC top-squark searches. This is because it is expected
that [46-52]

Ays was found to lead to violations of the fine-tuning rule
[44]; it is not allowed to claim fine-tuning amongst
dependent terms which contribute to some observable
O. (As mentioned earlier, it is the large top-quark

Yukawa coupling f, which radiatively drives m%,u from

its large SUGRA value at the high scale to negative values
at the weak scale so that the EW symmetry is sponta-
neously broken.) In this case, mj and my (A) are
dependent, leading to overestimates in fine-tuning.

A third measure is the electroweak measure Agy [53,54]
which is touted to be more conservative and model
independent than the others, and also unavoidable (within
the context of the MSSM). It is based on the SUSY-Higgs
potential-minimization condition

my + X4 — (mfy +Zf) tan®
tan® § — 1
~—my —p* = Zii(T12), (3)

where all right-hand-side entries are taken as their weak-
scale values and

_ 2

mz/2 =

Apy = miax|entries on rhs of Eq. (3)|/(m%/2). (4)
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This measure was preceded by Chan et al [55] who
suggested that the magnitude of the SUSY-conserving u
parameter could serve as a fine-tuning measure all by itself.
This measure is sometimes criticized in that it apparently
lacks sensitivity to high-scale parameters, which we will
expand upon later.

A fourth entry is not at present a quantifiable measure,
but known nonetheless as stringy naturalness (SN), and
arises from Douglas’ consideration of the string landscape
picture [56]:

A. Stringy naturalness

An observable O is more (stringy) natural than an
observable O, if more phenomenologically viable string
vacua lead to O, than to O,.

To quantify stringy naturalness, at least two ingredients
are needed:

(1) The expected distribution of some quantity within

the landscape of vacua possibilities and

(2) An anthropic selection ansatz for which many

choices would lead to universes that are unable to

support observers.
For the case of SUSY models, the first of these is usually
how soft terms are distributed in the landscape while the
second of these is the magnitude of the weak scale itself; if
the predicted value of m,,., within each pocket universe is
too far displaced from its measured value in our Universe,
then nuclear physics no longer can support atoms as we
know them, leading to no complex chemistry as seems to be
needed for observers [57]. This principle is known as the
atomic principle. An attempt to compute and display
stringy naturalness via density of dots in model parameter
space has been made in Ref. [58].

In the present work, we reexamine these several mea-
sures of naturalness, filling in some of the many gaps of
understanding that exist in the literature. Part of our work is
based on a new computation of Agg naturalness based on a
numerical evaluation of the derivatives in Eq. (1). This new
computation is embedded in the publicly available code
DEW4SLHA [54] so that the updated code can provide
values of each of the measures Apg, Ayg, and Agy given an
input SUSY Les Houches Accord (SLHA) file [59].2 Thus,
another reason to revisit the fine-tuning issue is that we
have developed a code which allows for detailed compari-
son of all three measures which goes beyond previous
semianalytic techniques that gave explicit results only for
certain fixed tanf values. Now we are able to compute
ratios of naturalness measures to determine the extent to
which some measures can overestimate fine-tuning in
SUSY models. For instance, in the SUSY theory review
contained in the Particle Data Book [60], it is suggested that
the overestimates may range up to a factor of 10; in

>The code DEWA4SLHA, written by D. Martinez, is available at
https://www.dew4slha.com.

contrast, we find overestimates ranging up to factors of
over 1000.

The remainder of this paper is organized as follows. In
Sec. II, we review two paradigmatic models mSUGRA/
CMSSM and NUHMIi which are typically associated with
gravity-mediated SUSY breaking. In Sec. III we define what
we mean by naturalness and practical naturalness. In Sec. IV
we show how the three naturalness measures arise from
practical naturalness and we highlight the model dependence
of the EENZ/BG measure; we also introduce our new
numerical routine to evaluate the EENZ/BG value from
any SUSY Les Houches Accord file. In Sec. V, we compare
and contrast the various measures in mSUGRA/CMSSM
and NUHMi model parameter space while in Sec. VI we
compute ratios of measures and show that Agg and Ayxg can
overestimate fine-tuning by up to three orders of magnitude
compared to Agyw. In Sec. VII we emphasize ambiguities in
evaluating Agg and Apg in anomaly-mediated SUSY break-
ing models and in Sec. VIII we illustrate the same for mirage
mediation. Since there is no ambiguity for Agy, we display
natural parameter space which satisfies present LHC Higgs
and sparticle mass bounds using the EW measure for natural
anomaly and mirage mediation. Our summary and conclu-
sions are contained in Sec. IX.

II. SOME MODELS OF WEAK-SCALE SUSY

Here, we make reference to several SUSY models which
we briefly review for the reader.

A. mSUGRA/CMSSM model

Some of our numerical work refers to the mSUGRA
[42,61-65] or CMSSM model [43] with parameter space3

mgy,my 5, Ag.tanfi and  sign(u) (mSUGRA/CMSSM).
(5)

In this model, m refers to a unified high-scale scalar soft
breaking mass, usually defined at the scale mgyt where the
three gauge couplings unify. While unified gaugino masses
can be achieved in many supersymmetric models with a
simple choice for gauge kinetic function, the scalar-mass
unification is an (unmotivated) simplifying assumption that
violates expectations from gravity-mediated SUSY break-
ing models where nonuniversal scalar masses are expected
unless imposed by some symmetry [66—68]. For instance,
scalar masses within a matter generation may be expected
to unify to m(i) (for generation index i = 1-3) due to the
fact that all matter fills out a complete 16-dimensional

We accept that the mSUGRA model and the CMSSM model
are two different names for the same model defined by the
parameter space in Eq. (5). Indeed, paragraph 2 of the original
Kane et al. paper [43] lays out the supergravity origins of the
CMSSM model.

035050-3
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spinor representation of SO(10). However, generational
universality mg(1) = mg(2) = my(3) is not expected and
leads to the famous SUSY flavor and CP problems [69].
Furthermore, the Higgs fields H,, and H, live in different
SU(5) [or general SO(10)] representations from matter
scalars, and hence are also not expected to unify.

B. Nonuniversal Higgs models

This family of models meets the expectation that

my #my, #F mg(i).

The simplest case, nonuniversal Higgs models (NUHM1)
[70] assumes

my, = my, # mo(i),
as expected in simple SO(10) GUTs. Meanwhile, NUHM2
[71-73] satisfies

my #my, #F my(l) = my(2) = my(3),

which occurs in SU(5) or general SO(10) GUTs. In all
cases, when we refer to SUSY-GUT models, we particu-
larly emphasize the importance of local grand unifica-
tion [74] wherein the geography of fields on a string

compactified manifold determines the GUT symmetry
properties [75,76]. Sometimes an NUHM3 model with

mo(1) = my(2) # my(3)

is used [77], and sometimes NUHM4 with

mo(1) # mo(2) # mo(3)

is used, especially for discussion of the SUSY-flavor and
CP problems [78]. For these NUHMi models (i = 1-4),
frequently the GUT values of my and my, are traded for
the weak-scale values of the superpotential y parameter and
the pseudoscalar Higgs mass my, via the scalar potential
minimization conditions. Thus, the NUHMi parameter
space is given by

mO(i)7m1/2’A07tan:Bhuva’ (6)

The NUHMIi models are particularly convenient to explore
natural supersymmetry since one can directly restrict oneself
to natural values of the u parameter; u ~ 100-350 GeV.

In Fig. 1, we plot in the mq vs m; /, plane of the NUHM2
model the ratio of my (mgyr)/my which is needed to
ensure that the SUSY u parameter is fixed at a natural
value of u =200 GeV. We also adopt Ay = —1.6m, and
tan f = 10 with m, =2 TeV. From the plot, we see that

map [TeV]

CCB minima

abs(my, (GUT) / mq)

—2

— 1.75
— 1.5
— 13
— 1.2

mg [TeV]

FIG. 1. Ratio of my (mgyr)/mgin the NUHM2 model which is needed to ensure that u = 200 GeV. We also take A, = —1.6m and
tan f = 10 with m, = 2 TeV. The blue shaded region is excluded, as these points lead to charge-or-color-breaking (CCB) minima. The
yellow shaded region near the bottom has the lightest chargino below LEP2 limits, Mz < 103.5 GeV. The mass spectra are calculated

using SOFTSUSY.

X
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my (mgyr) ~ 2myq along the left-hand side of the plot, but
dips to a ratio of about 1.2-1.5 for the bulk of the plane
which respects the m;, ~ 123-127 GeV range (assuming
about a 2 GeV error bar on the m;, theory calculation). Thus,
only modest deviations of order 20-50% are required in
order ensure one of the most fundamental requirements of
naturalness, namely |u| ~ myeq.

C. Natural anomaly and mirage-mediation models

Later in this paper we shall explore naturalness in
anomaly-mediated SUSY breaking (AMSB) [79-81] and
mixed modulus-AMSB SUSY models, also known as
mirage mediation (MM) [82,83].

ITII. NATURALNESS AND PRACTICAL
NATURALNESS

Supersymmetry offers a 't Hooft technically natural
solution [84] to the hierarchy of scales problem in that, as
the hidden-sector SUSY-breaking scale miy;qqen (Which
determines the magnitude of the soft terms via mg, ~ m3/, ~

m?, dden/ M p in gravity mediation and hence of the weak scale
via the scalar-potential minimization conditions) tends to
zero, the model becomes more (super)symmetric. The SUSY
solution to this big hierarchy problem (BHP)—stabilizing
the weak scale so that it does not blow up to the Planck or
GUT scale—is not the naturalness issue which concerns
many contemporary SUSY theorists. Indeed, 't Hooft natu-
ralness remains a valid solution to the BHP even for very
large gaps my.p > myeqc- Instead, it is the so-called little
hierarchy problem (LHP) which is of concern [85,86];

how can it be that mye, ~ my 7, ~ 100 GeV is
so much smaller than the soft SUSY breaking
terms, which, according to LHC data, are mg 2
1 TeV (owing to LHC bounds m; = 2.2 TeV,
m; 2 1.1 TeV, ...) [87]?

In addressing the LHP, what is of concern is what we call
the notion of practical naturalness (PN) [88]4:

An observable
O=o0,+ 4o,

is practically natural if all independent contribu-
tions o; to O are comparable to or less than O.

(Here, “comparable to” means within a factor of several
from the measured value.) Practical naturalness embodies
the notion of naturalness that is most often used in

*This is in accord with Veltman’s notion of naturalness as
presented in Ref. [89]. See also Susskind [39].

successful applications of naturalness. For instance, by
requiring the charm-quark mass contribution

Gr a fimg . mg
Amg(c) ~ 367570, c0s?0sin’f- pcy (7)

to be comparable to or less than the measured K; — K
mass difference Amyg, Gaillard and Lee [90] were able to
predict m, ~ 1.5 GeV several months before the charm
quark was discovered.” An essential element of practical
naturalness is that the contributions o; should be indepen-
dent of one another in the sense that if one of the o; is
varied, then the others do not necessarily vary. For instance,
Dirac was bothered by various divergent contributions to
perturbative QED observables. However, these were de-
pendent contributions in that if the regulator was varied, the
different divergent terms would also vary. One should
always first combine dependent terms before evaluating
naturalness. Once dependent terms are combined then a
measure of naturalness emerges,

A = max|o;|/|O]. (8)

Using PN, we see that QED perturbation theory is practi-
cally natural in that the leading terms are comparable to the
measured observables whilst higher-order terms (once
dependent terms are combined) are typically much smaller.

IV. SOME MEASURES OF NATURALNESS

A. Sensitivity to high-scale parameters:
EENZ/BG naturalness

Historically, the first measure of SUSY model natural-
ness was proposed by Ellis ef al. in Ref. [28] (based on
Susskind [39]) and subsequently used by Barbieri and
Giudice [29] to compute sparticle-mass upper bounds in the
mSUGRA/CMSSM model; Eq. (1). The measure purports
to compute the sensitivity of the measured value of the
weak scale to variation in high-scale parameters p;. The
Agpg measure is actually a measure of practical naturalness
of the weak scale in the case where

m% = ap + +anpn'
Let us suppose the jth contribution to m? is largest. Then,

Pi 0m%

_|4jPj
m% op;

2

Apg = max ,
14 mZ

in accord with Eq. (8). The various

It is still a breathtaking exercise to plug in the numbers and
see the charm-quark mass emerge.

035050-5
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a;pi
my

ECI-

terms are labeled sensitivity coefficients [91]. The ambi-
guity here is in which choice to take as to the free
parameters p;.°

The starting point is to express m% in terms of weak-scale
SUSY parameters as in Eq. (3),

my = =2mp; =242, 9)

where the partial equality is obtained for moderate-to-large
tan f values and where we assume for now that the radiative
corrections are small. To evaluate Agg, one needs to know
the explicit dependence of m; and u* on the chosen set of

fundamental parameters. Semianalytic solutions to the one-

loop renormalization group equations for m2, and u” can

be found for instance in Refs. [93,94]. For the case of
tan f = 10, then [36,91,95]

m% = —=2.184% + 3.84M3 + 0.32M3M, + 0.047M M5 — 0.42M3 + 0.011M, M — 0.012M3 — 0.65M;A,
—0.15M,A, — 0.025M A, + 0.2247 4 0.004M3A, — 1.27m3; —0.053m3; + 0.73m}, +0.57m,
+0.049m}, —0.052m7_ +0.053m3_ +0.051m3, —0.11mf, +0.051m3, —0.052m7 + 0.053m3,
+0.051m} —0.11m3, +0.051m3, —0.052m} + 0.053m3, . (10)

where all terms on the right-hand side are understood to be
GUT-scale parameters. As an example, if we adopt m2Q3 asa

fundamental parameter, then the sensitivity coefficient

2
mo,
m%’

¢,z =073
3

m
Q
V4

and for my, = 3 TeV, then one finds Cmpy 800 so that
N 3

Apg > 800 and the model is certainly fine-tuned. If instead
we declare all scalar masses unified to my, then there are
large cancellations and instead one finds

2
= 001370 < 142,
mz

Crn2
a reduction in finetuning by over a factor of 50! Clearly,
whether or not soft terms are correlated greatly impacts the
evaluation of Agg.

1. Numerical routine to compute Ay

The evaluation of Agg can be done by approximating the
partial derivatives with the method of finite central-difference
quotients. That is, for finding the partial derivative with
respect to a parameter p, of m%(py, pa, ..., p,), where p; are
the fundamental parameters of the model chosen for evalu-
ating Agg, then

Giudice remarks in Ref. [92]; “It may well be that, in some
cases, Eq. (1) overestimates the amount of tuning. Indeed, Eq. (1)
measures the sensitivity of the prediction of m, as we vary
parameters in theory space. However, we have no idea how this
theory space looks like, and the procedure of independently
varying all parameters may be too simple minded.” See also
discussion in Ref. [34].

[
am%(pl,p2, sy Pn)
ap;

_m(py 4 by, pys e pa) =mu(p1 = by, pys s Pa)
2h, '

(11)

Here, h, is the size of the variation of the differentiation
parameter p;, which is then used to determine the resulting
change in m%. Since this is a partial derivative, all other input
parameters are left fixed at their original values prior to
differentiation.

To compute this derivative, m% must be evaluated in the
right-hand side of Eq. (11) as an output of the m% Higgs
minimization condition, Eq. (3), at the weak-renormalization
scale

Osusy = \/ Mg Mg,

to minimize radiative corrections in the Higgs-minimization
condition. For the partial derivative

dm%

ap;

the GUT-scale parameter p; is varied to p; + h;, with
h; < p;. Then the new set of GUT-scale parameters,

P1sP2s - PiF his oo Pyt P

are evolved from Qgyr down to Qgysy using the full two-
loop MSSM renormalization group equations (RGES).
Lastly, the varied value

035050-6
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m5(P1, P2 s Pi + his oy Pucts Pn)

is computed from the tree-level Higgs minimization con-
dition for m%, giving a value slightly deviated from 91.2°.
This value is then used in Eq. (11) and the process is repeated
for the other direction of variation.

In this numerical derivative approach, two sources of
error can enter and alter the results if not controlled;
truncation error and roundoff error. Below are some
descriptions of these errors and how we minimize them:

(1) Truncation error is the error of approximating the

true, analytical derivative of m%, with an approxi-
mating secant line to the m% curve in the theory
space. For a given derivative variation size of /, the
truncation error for a two-point method is suppressed
by aterm of O(h?). This error remains relatively small
so long as the step size & < 1 and the higher-order
derivatives of m2 are reasonably bounded.

(i) Roundoff error comes from representing the values
P1sPas---» Pn» and hy in Eq. (11) as floating-point
numbers, where the computer must “round off” most
decimal values after a certain number of digits due to
storage limitations in binary. Because of this, there is
a nonzero spacing between two consecutive floating
point numbers x and y, and this spacing is called the
unit of least precision [denoted ULP(x)]. Careful
error analysis reveals that the roundoff error is
proportional to the step size used in the evaluation.
This roundoff error is then minimized when, for a
two-point central difference, the step size h; for the
derivative om%/dp; is chosen as h; ~ [ULP(p,)]'/3.
In order for h; < 1 to occur, the ULP(p;) must then
also be less than unity.

Numerical error may also enter through the numerical
solution of the RGEs, though similar numerical consid-
erations can help control these errors as well. With these
sources of error in mind, the error in evaluating this
derivative will remain small, i.e., O(<1), so long as |p;| <
10" in magnitude for all i. This leads to &; < 1 for double-
precision floating point numbers. DEW4SLHA offers the
option of performing this calculation with even higher-
accuracy derivative approximations, such as a four-point or
eight-point central difference quotients to further minimize
truncation error.

The numerical evaluation of Apg has several advantages
over the semianalytic formulas using expansions such
as Eq. (10).

(i) The numeric routine uses full two-loop RGEs

including all third-generation Yukawa couplings
[96] and one-loop threshold effects while semi-
analytic expansions use one-loop RGEs without
threshold effects.

(i) The semianalytic expansions were formulated to
compute the Higgs potential at a scale

QNmZv

whilst the numeric routine uses an optimized scale
choice

Q% = mym;,.

This latter choice matches the higher scales for
MSSM/SM decoupling that are expected from
LHC data.

(iii) Usually the semianalytic expansions are computed
for a particular tanf value while the numeric
evaluation is valid for all tan f3.

To illustrate the comparison between the two methods, in

Fig. 2(a) we compute the ratio

Apg(numerical) / Agg(semianalytic)

in the mg vs m, /, plane of the mMSUGRA/CMSSM plane for
Ay =0 and tanf =10 with u > 0. The blue region
corresponds to a ratio ~0.5 while for small m, we find
aratio <1. For large m then we find a ratio 21 with the
ratio reaching as high as ~2 near the lower focus-point
region.

In Fig. 2(b) we again compute the ratio

Apg(numerical) / Apg(semianalytic)

in the mg vs m;, plane of the mSUGRA/CMSSM, but
now for Ay = —2m and tan f = 10 with g > 0. The large
value of Aj here permits the Higgs mass to be within the
allowed range of 125 4+ 2 GeV. The broad orange and red
regions throughout the rhs of the plane correspond to
where the ratio is ~1. The largest discrepancy between
the evaluation methods occurs on the lhs of the plane near
the stau lightest supersymmetric particle (LSP) region,
where

Apg(numerical) ~ 0.6Agg(semianalytic).

Figure 2(c) instead shows the ratio comparing the numeri-
cal method to the semianalytic method in the mg vs m; ),
plane of the NUHM2 model with p =200 GeV,
my =2 TeV, and Ay = —1.6m,. Again, the broad orange
and red region on the rhs of this plane shows very good
agreement between the two methods,

Apg(numerical) ~ Apg(semianalytic).

On the lhs above the CCB minima region, where
my 5 > my, the semianalytic method result becomes some-

what larger than the numerical method result, leading to a
minimal ratio

Apg(numerical) ~ 0.57Apg(semianalytic).
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FIG. 2. Plot of Agg(numerical)/Apg(semianalytic) in the my
vs my, plane of (a) the CMSSM/mSUGRA model with Ay = 0,
tan f = 10, and p > 0, (b) the CMSSM/mSUGRA model with
Ay = —2my, and (c) the NUHM2 model with ¢ = 200 GeV and
Ay = —1.6mg with my, = 2 TeV. We use the code DEW4SLHA
to compute Agg(numerical) using a numerical algorithm for
the sensitivity coefficients and SOFTSUSY v4.1.17 for the
spectra.
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FIG. 3. Plot of naturalness contours Agg in the mg vs m/,
plane of the CMSSM/mSUGRA model with A, = 0, tan = 10,
and p > 0. We use the code DEW4SLHA to compute Agg using
a numerical algorithm for the sensitivity coefficients and
SOFTSUSY for the spectra.

2. Numerical results for Agg

In Fig. 3, we compute contours and color-coded regions
of Agg in the mSUGRA/CMSSM model using a numerical
routine to evaluate the sensitivity coefficients. This routine
is embedded in the publicly available computer code
DEW4SLHA. The results in Fig. 3 agree well with those
presented by Allanach er al. in Ref. [97].

In truth, the various supposedly independent high-scale
soft terms are introduced by hand in the mSUGRA/
CMSSM model as a parametrization of our ignorance as
to the SUSY-breaking mechanism. Indeed, in the case of
gravity mediation, if we specify a specific SUSY-breaking
mechanism, then all soft terms are calculable in terms of the
gravitino mass ms;,. An example is the famous dilaton-
dominated SUSY-breaking model [68]; in this case

my = m3/2 with m1/2 = _AO = \/§m3/2. (12)

In such a case, then it doesn’t make sense that the soft terms
are independent; invoking PN, we should combine depen-
dent terms in Eq. (10). Then,

m% o~ —2.18u° + 14.494m§/2.

Adopting m3,, =3 TeV as in the previous example, then
we find g = 7735 GeV and
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Apg = ¢,z , = 15683,

The SUSY p parameter evolves very little from the GUT
scale to the weak scale, due to the supersymmetric non-
renormalization theorems [98]. The ratio of u(weak)/
u(GUT) is shown in Fig. 4 for the tan  vs u(weak) plane
in the mSUGRA/CMSSM model. The deviation between
u(weak)/u(GUT) is typically a few percent, climbing to
~10% at very large tan 3.

Now, in the case where all soft terms are determined in
terms of m3,, (such as gravity mediation, anomaly media-
tion and mirage mediation), then we expect roughly that

(13)

my s =24% +a-mj3,
and since p hardly evolves, then
a-m3, = —=2my (weak).

In this case—with all correlated soft terms (which we may
dub as the SUGRA1 model)—then

B m3 ), _max 24, 2m3; (weak)]
P

ABGNCmZ = ;=
3/2 mZ mZ

This latter case we will find is nearly the same as Agy aside
from the inclusion of the radiative corrections to the weak-
scale scalar potential.

In Fig. 5, we plot naturalness contours in the same
parameter plane as in Fig. 3, but now assuming instead the
one-soft-parameter SUGRA1 model. For SUGRAI, we
have

m} = 2182 +a-m} (SUGRAL),  (14)

where the constant ¢ can be determined via

1.0 619.0
I531.8

444.6

0.8

% 357.4
= 'S
g Q
270.2
& o4
183.0
0.2
95.8
myg: <103.5 GeV
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05 1.0 L5 2.0 25 3.0
my [TeV]
FIG. 5. Plot of naturalness contours Agg in the mg vs m/,

plane of the one-soft-parameter SUGRA1 model with Ay =0,
tan # = 10 and g > 0. We use SOFTSUSY to generate the spectra.

a= (m%+2.18u3)/m3.

In this case, the naturalness contours roughly follow the
contours of constant y value. For the case of SUGRAI, the
naturalness contours are very different from the case of
independent high-scale soft terms assumed in the
mSUGRA/CMSSM model.

One may also define a SUGRA2 model. Here, we
assume that since gaugino masses arise from the gauge
kinetic function, this soft term is independent of the others
which are determined instead by the Kihler function, but
where A, is determined in terms of m, (such as
Ay = —2my) so that

m% = —2.18u3 + 3.786m%/2 —0.427m}

(15)
Finally, SUGRA3 allows that A, is somehow independent
from my (or m3,,) so that

my = —2.18u5 + 3.786m7 , + 0.013m;

+ 1.642m, ,mg + 0.22A% (SUGRA3). (16)
For the three cases, we find that the Agg values are very
different in the SUGRA1, SUGRA2, or SUGRA3 models
just depending on which parameters are assumed to be truly
independent.

In Fig. 6, we show color-coded regions of Agg as
computed in the mg vs m;, plane of the NUHM2 model
where tan f = 10, Ag = —1.6mg, with y = 200 GeV and
my = 2 TeV. In frame (a), we assume all soft terms are
correlated as in Eq. (14). In this case, since y is fixed, there
is a constant value of Agg = 21.2 throughout the plane.
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FIG. 6. Plot of Agg values in the mg vs m,/, plane for the
NUHM2 model for Ay = —1.6my, tan f = 10 with 4 = 200 GeV
and my =2 TeV. In (a), we plot Agg assuming a single
independent soft parameter ms3/, while in (b) we plot Agg for
assumed two independent soft parameters m, and m;,, while in
(c) we plot assuming all three of mg, m;;,, and A, are
independent. The spectra are calculated using SOFTSUSY and
the naturalness measures with DEW4SLHA.

In frame 6(b), we instead assume two independent soft
parameters mg and m; , (but with A, fixed in terms of my)
so that we are in the SUGRA2 model; Eq. (15). Here, the
value of Agg is vastly different from frame 6(a), reaching
up to values of ~3900 in the upper-right corner; a factor of
~180 times greater than the frame 6(a) value. Here, the Apg
fine-tuning is dominated by the m;, /, value but not so much
by my. In frame 6(c), instead we show values of Apg
assuming three independent soft parameters as in Eq. (16).
In this case, with A, fixed as A; = —1.6m but nonetheless
declared as independent, we see a greater dependence on
mg, SO Apg increases as my increases, mainly because A
increases with increasing m. Here, Agg reaches maximal
values of ~14500 in the upper-right corner, a factor ~680
larger than the frame 6(a) value.

In summary, from the discussion of this section, we see
that the measure Apg could be a legitimate fine-tuning
measure if there could be consensus on what constitutes
independent parameters of the model. The plots also
illustrate the extreme model dependence of Agg, where
Apg can obtain values differing by several orders of
magnitude depending on which parameters p; are assumed
fundamental or independent.

B. High-scale fine-tuning

An alternative to EENZ/BG naturalness which we label
as HS fine-tuning emerged early on in the 21st century. It
may have been intended originally as a figurative bullet-
point indicator to argue for sparticle masses near the weak
scale [46], but later was regarded as a viable measure of
fine-tuning [47,50-52]. This measure seeks to apply PN to
the Higgs-boson mass relation [see, e.g., Eq. (10) of [99] ]

my = p* + my; (weak) + EW + mixing (17)

where the EW corrections and mixings are already <m3.

To apply high-scale fine-tuning, one must then break
mj; (weak) into

miy, (weak) = mi; (mgyr) + omy,
and require dmy; < mj. The full one-loop expression for

5m%,u may be obtained by integrating its one-loop RGE
from mgyr tO Myeaxs

dm?, 2 3 3
= o (543 =300+ s 4372,

5 10
(18)

where t = log Q,
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— 2 2 2 2 2 2
S=my —my +Trimy —m; —2my; + mp + mg|,

X, = sz2 + m%} + m%{u + A2,

In the literature [50-52], to gain a simple expression, the
terms with gauge couplings are ignored and X, is approxi-
mated as

X, ~ m2Q3 + m%)3 + A2,
|

(i, (A) + dmy, + Z) = (mjy,

(A) + 6my +Zf) tan®

where m2Q3, m%S, and A? here are GUT-scale values. Then a
single step integration leads to

3
5m%1 ~ _gftz (m2Q3 + m%]3 +A?) IOg (A/mweak)’ (19)

where the high-scale A is usually assumed ~mgyrt. The
Ays measure famously promoted three light third-gener-
ation squarks below the 500 GeV scale [51], and motivated
intensive searches by the LHC Collaborations to root out
light top-squark signals.

In order to compare Ayg more appropriately with Agg
and Agy, we slightly redefine Ayg in terms of m2/2 [100]
where in this case we take

my/2 =

and A is some input high scale, perhaps mp or mgyt. Then

Ays = max |largest term on rhs of Eq. (20)].  (21)
In this way, the three measures become equal in certain
limiting cases.
The Apg measure is problematic on several counts
(1) It violates the PN precept in that, in simplifying
6m§1 all dependence on m%, (A) is lost, which hides

tan? f — 1

(*(A) + %) (20)

the fact that §my; is actually dependent on mg; (A).
In fact, the bigger the assumed value for m%, (A),
then the bigger is the canceling correction 6m%
[101]. This is shown in Fig. 7 where we show thé
exact two-loop value of §mj; vs my; (GUT), where
the clear dependence of &mj on my (GUT) is

shown. The plot also shows that the bigger
my (GUT) becomes, then the more EW-natural

h— mH"(GUT)
60001 __ sign(m3, (weak))y/ Im (weak)|
— sign(6m3 )/ 16m3 |
4000
by
(0}
O 2000
. o
g wn
> 0 ;
&
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© 2000 o
i =
S
-4000
-6000 -
0 2000 4000 6000 8000 10000

mp,(GUT) [GeV]

FIG. 7. Plot of sign(ém%,u) “y/ \5m§,| vs my, (GUT) for the NUHM2 model with my =5 TeV, m;,, = 1.2 TeV, A, = —1.6my,

tan f = 10, and my, =5 TeV.
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and tanf = 10 with my, = 2 TeV. We show the approximate expression Eq. (18) (red dashed curve) along with exact two-loop
expression (blue solid) along with the value gleaned from fine-tuning for various values of .

2

3

the model becomes in that mj (weak) becomes

comparable to m% on the right-hand side shortly
before EWSB is no longer broken. The splitting up
of my, (weak) into my; (A) + my; turns Ayg into

contradiction with Agg, where m% (weak) is ex-
u

panded into high-scale parameters in Eq. (10) but
not split into m%,u (A) +5m,21,“. This splitting of

my; (weak) into dependent parts destroys the cancel-

lations needed for focus point SUSY [40,41] which is
promoted as allowing for TeV-scale top squarks.
Electroweak symmetry breaking in SUSY models is
accomplished by driving m%, to negative values
owing to the large top-quark Yukawa coupling f,.
Indeed, the REWSB mechanism is touted as one of
the triumphs of WSS since it required m, ~
100-200 GeV [9] at a time when experiments
seemed to indicate m; ~40 GeV. By requiring
Smj; to be small, then often mj; (weak) will not
be large and negative enough to cause EWSB. In the
context of vacua selection in the string landscape,
such models without EWSB would likely not lead to
inhabitable universes and would be vetoed. This can
be viewed as a selection mechanism to favor models
with large enough 5’"127“ such that EW symmetry is
properly broken (see, e.g., Fig. 3 of Ref. [102].)
There is also substantial ambiguity in evaluating
Agys. In Fig. 8 we show the value of

omy = sign (6m%,“) ‘5m§1“ ’ vsmy (GUT)

for an NUHM2 benchmark point with my = 4.5 TeV,
my; =1 TeV,and Ay = —7.2 TeV with tan f = 10

and my =2 TeV. The approximate expression
Eq. (19) is shown as the flat red-dashed line which
of course does not depend on m%{ (GUT). The solid
blue curve is the exact two-loop RG expression for
omy and is shown to deviate from the approximate
result by well over a factor of 2 at low my (GUT) and
only agrees with the approximation far into the
excluded region where the electroweak symmetry is
not properly broken. Alternatively, one may use the

) 2 2
mj, = p° +my, + omy,

equation for a particular set of input parameters
including mi, (GUT) (e.g., in the NUHM2 model)
to compute the value of 5m%1u and then try to fine-tune
mi; (GUT) to enforce m;, = 125 GeV. But as one
tunes the value of m7; (GUT), then the value of §mj;
changes accordingly (as indicated by the various
dotted lines for different input p values), so that
instead of finetuning, one must adopt an iterative
procedure to try and find a solution. Sometimes the
solution will migrate into the no EWSB region while
other times the iterations can find a viable solution.

C. Electroweak naturalness

As mentioned before, the electroweak naturalness mea-
sure Agyw measures the largest contribution on the right-
hand side of Eq. (3) and compares that to m%/2. This is the
most conservative, unavoidable measure of naturalness
since it is independent of any high-scale model. Even
when high-scale parameters are correlated in some way,
those correlations are typically lost under RG running and
subsequent computation of the physical sparticle mass

035050-12



PRACTICAL NATURALNESS AND ITS IMPLICATIONS FOR ...

PHYS. REV. D 108, 035050 (2023)

eigenstates. The interpretation of Agyy is clear; if any one of
the rhs contributions to Eq. (3) is far larger than m2 /2, then
it is highly implausible (but not impossible) that some other
contribution would accidentally be large and of the oppo-
site sign such that the two conspire to give an m; value of
just 91.2 GeV. In this sense, natural models correspond to
plausible models; models with large Agy are logically
possible, but highly implausible. We will see later that this
manifests itself as a probability, or likelihood, to emerge
from scans over the string landscape.

The tree-level contributions to Agy are instructive:

(i) The SUSY conserving u parameter, which sets the
mass scale for the W, Z, h, and higgsinos enters
the weak scale directly. We already know that
my .z, ~ 100 GeV; the higgsinos should lie within
a factor of several of the measured value of the weak
scale. In light of LHC constraints, the SUSY LSP is
likely a higgsinolike lightest neutralino, or at worst a
gaugino-higgsino admixture.’

(i) The value of m%,t, where H, acts as the SM Higgs
doublet, should be driven to small, negative values
since it also sets the mass of the W, Z, and & bosons.

(iii) The value of my , which sets the mass scale for the
heavier Higgs bosons A, H and H*, can be much
larger since its contribution to the weak scale is
suppressed by a factor of tan f.

The loop-level contributions X} and 2§ are proportional
to the individual particle/sparticle masses but since the X¢
terms are suppressed by tanf, the X! terms are usually
dominant. Of the X terms, usually X!(7,,) are largest
owing to the large top-quark Yukawa coupling. Since these
terms are all suppressed by loop factors, the particle/
sparticle masses which enter the X! terms can be at the
TeV or beyond scale before becoming comparable to the
weak scale. Explicit expressions for the X} and ZZ are given
in the Appendixes to Refs. [107] and [54]. The dominant
terms are given by

F(m? )

712

- 3
Zi(fo) = 1622
> 5 ft2A12 - 89%(41_1 - %XW)AI
X ft -9z F D) 2
ms —m;

| e
where

2
F(m?*) = m? <log% - 1)

"We do not implement here constraints on SUSY models from
the thermally produced neutralino relic density. The reason is that
these bounds are easily superceded by nonthermal processes
[103] such as axion-axino-saxion production [104] and/or the
presence of moduli fields [105] in the early Universe. In such
cases, the bulk of dark matter in SUSY models may indeed be
axions [106].

and the optimized scale choice is taken as

0 = mz my,.

Also,
2 2
ml —m? 12
A= It 3 %+ m2 cos (2) (Z - §XW>
with
2, n
9 = J —;g and xy = sin’6y,.

In the denominator of Eq. (22), the tree-level masses should
be used.

Some highlights of the X terms include the following:
(i) For Agw < 30, the top-squark contributions X%(7, ,)
allow for top-squarks up to m; <3 TeV and

m;, < 8 TeV. The explicit expressions contain large
cancellations for large A, both for £(7,) and X%(7,).

The large A, helps to lift m,, into the 125 GeV range

since my, is maximal for x, ~ v/6m; [10]. This is in
contrast to Agg and Apg which both prefer small
trilinear soft terms. In Fig. 9 we show color-coded
regions of Agg in the m;,; vs Ay plane of the
mSUGRA/CMSSM model for my = 5 TeV, tan f =

10 and p > 0. We also show contours of Higgs mass

my, = 123 GeV and 127 GeV, and contours of Agy

and Agg. The gray region around A, ~ 0 is the focus

point region. From the plot, we see that Ayg is
always large, Ayg 2 6000, due to the large value of

my. Meanwhile, Apg reaches as low as ~1000, also

in the FP region. Agyw can reach as low as 62 in
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FIG. 9. Plot of color-coded values of Agg in the my,; vs Ay
plane of the mSUGRA/CMSSM model for mg =15 TeV,
tan f = 10, and p > 0. We also show contours of Higgs mass
my, = 123 GeV and 127 GeV, and contours of Agyw and Ayg.
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between the two Agw = 125 contours. As expected
from the mSUGRA/CMSSM model, no points allow
for both low fine-tuning and m, ~ 125 GeV.

(i1) Since first-/second-generation Yukawa couplings
are tiny, then these sparticle masses can be much
larger than the third generation, with first-/second-
generation squarks and sleptons ranging up to 30—
50 TeV. In the context of the string landscape, this
leads to a quasidegeneracy/decoupling solution to
the SUSY-flavor and CP problems [78].

(iii) Gluinos affect the X} via RG running and directly at
the two-loop level [108]. They can range up to m; <
6 TeV for Agw <30, well-beyond present LHC
bounds [109].

A positive feature of Agw is its model independence
(within the context of models for which the MSSM is the
weak-scale EFT). The amount of fine-tuning only depends
on the weak-scale spectrum which is generated, but not on
how it is obtained. Thus, if one generates a certain weak-
scale spectrum via some high-scale model, or just the
pMSSM.,? then one gets the same value of Agy. This of
course is not true for the measures Ayg or Agg.

A common criticism of Agy is that it doesn’t account for
high-scale parameter choices and correlations. This is not
exactly true as discussed earlier. The y parameter evolves
only slightly from mgyr to My, as shown in Fig. 4. With
u(mgur) = pu(myear), and in the context of all soft terms
correlated (as should be the case in a well specified SUSY-
breaking model), then Agg =~ Agw, sans the radiative
corrections X! and Zj. Also, if the dependent terms

m%, (A) and 5m§{“ are combined, as required by PN, then

Ays = Agw, without radiative corrections. Furthermore, the
specific choices of high-scale parameters can lead to more
or less fine-tuning via Eq. (3). In fact, a string landscape
selection for larger soft terms often results in smaller values
of Agw as compared to any selection for small or weak-
scale soft terms [112].

D. Stringy naturalness:
Anthropic origin of the weak scale

A fourth entry into the naturalness debate comes from
Douglas [113] with regards to the string landscape; stringy
naturalness, as remarked above. An advantage of stringy
naturalness is that it actually provides an explanation for the
magnitude of the weak scale, and not just naturalness of the
weak scale. The distribution of vacua in the multiverse as a
function of mgy is expected to be

dN o ~ f SUSY(msoft) - fEwsB (msoft>dmsoft- (23)

8
For scans
Refs. [110,111].

of Agw within the pMSSM, see, e.g.,

Douglas [113] advocates for a power-law draw to large soft
terms based on the supposition that there is no favored
value for SUSY-breaking fields on the landscape; fsysy ~

20~ where ny is the number of (complex-valued)
F-breaking fields and np is the number of (real-valued)
D-breaking fields giving rise to the ultimate SUSY-break-
ing scale. The distribution frwsg is suggested as frwsg =
©(30 — Agw) [114] such that the value of the weak scale in
each pocket universe lies within the Agrawal-Barr-
Donoghue-Seckel (ABDS) window [57], the so-called
atomic principle. At present, SN does not admit a clear
numerical measure [58].

V. COMPARISON OF MEASURES

From the previous discussion, it becomes clear that the
various naturalness measures are defined very differently and
hence we expect them to favor different regions of model
parameter space. A figurative view of how the different
measures compare can be gleaned from Fig. 10, which plots
the evolution of the soft Higgs mass-squared parameter from
Q0 =mgur t0 Q = My in the NUHM2 model for
my = 4.5 TCV, ml/z =1 TeV, AO = —1.67’)’[0, tanﬂ = 10,
and my =2 TeV. The right-side brackets correspond
roughly to the different naturalness measures. In NUHM2,
the BG measure contains a sensitivity coefficient

C2 ~127|my, (N)/my|,

mHM
or
Ciny, ~ 2.54|my, (A)/mz?

if my, (A) is the fundamental parameter, instead of mj; (A).
Where this coefficient is the maximal contribution to Agg,
then this “distance” is the approximate measure. For
Ayg = 6my; /m3, the relevant measure is instead the brack-
eted distance 5m12qu, and so Ayg is usually (but not always)
larger than Agg, since in order for EW symmetry to break,
m%,u must be driven to negative values. Notice then from the
plot that the only way for 5my; tobesmallisalsoif mz (A)is
small: this is why Ayg favors only the low m region when
mSUGRA/CMSSM universality with my = my isrequired.
In contrast, low values of Ay require low mi,“ (weak), and
50 low Agy can be found for any value of mj; (A) such that
m%,u is barely driven to negative values. This is some times
called criticality [102,115], or barely broken electroweak
symmetry [116]. This latter quality is favored by the string
landscape where as large as possible values of mi,u (A) are
statistically favored so long as m?, is just barely driven to
negative values [114].

In Fig. 11(a), we plot naturalness favored and unfavored
regions of parameter space in the mSUGRA/CMSSM
model mg vs m;;, plane where tanf =10, 4 >0 and
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Ay =0 (spectra generated using SOFTSUSY [117]). The
latter choice for A is traditional in that it displays the FP
region, which otherwise disappears for large A,. However,
it should be remarked here that Ay = 0 is probably the least
motivated value for A, in that in generic SUGRA models all
soft terms are expected to occur of order mj3,, and
m3, ~ my. On the phenomenological side, small A, leads
to a near minimum in the Higgs mass m, (as shown in
Fig. 12) whilst A, ~ v/6m, leads to maximal m, values
[10]. Using high-scale parameters A,, the range of A,
doesn’t extend to the m; maximal value before CCB
minima are encountered in the scalar potential (which
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o
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~
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FIG. 11.

forms the endpoints of the plot). Currently, the mSUGRA/
CMSSM FP region seems excluded by
(1) Too low a value of m,, [100] and
(2) The LSP DM candidate is of the well-tempered
[118,119] type which is now excluded [120-122] by
weakly interacting massive particles spin-independent
direct-detection experiments such as xenon [123] and
LZ [124].

From Fig. 11(a), we see the Agg contours of 30 and 100
roughly track lines of constant y for lower m, values and
lines of my for high values [41]. Meanwhile, the contour
Agw = 30 (denoted as blue), follows the low y values to

(b)

14

12

myp [TeV]
o =
«© o

o
o

my; <103.5 GeV

1 2 3 5 6 7 8

4
mgq [TeV]

Plot of various naturalness contours in (a) the m\SUGRA/CMSSM m, vs m,  plane for Ay = O and tan # = 10 and p > 0. In

(b), we plot naturalness contours in the m, vs m;, plane of the NUHM2 model with Ay = —1.6m, tanf = 10, 4 = 200 GeV and
my = 2 TeV. The spectra are calculated using SOFTSUSY and the naturalness measures with DEW4SLHA.
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tan = 10, with ¢ > 0. We compare the results from SOFTSUSY [117], FeynHiggs [125] using SOFTSUSY or ISAJET inputs, and ISASUGRA

7.88 [126].

much larger m, whereupon it cuts off due to increasing top-
squark contributions via the X} (7, ,) terms. The conflict of
these measures with Agg is apparent since Ayg favors light
third-generation squarks which occur only at low m and
low m; j,. All three measures favor the lower corner of my
vs my, parameter space, and, when compared to LHC
gluino mass limits (m; = 2.25 TeV as shown by the green
contour), might lead one to conclude this model is excluded
based on comparisons of naturalness with LHC constraints.

A very different picture emerges when one proceeds to
the NUHM2 model as shown in Fig. 11(b). In this case,
nonuniversality of the Higgs soft masses (as expected in
gravity- mediation) allows for low g = 200 GeV through-
out the parameter plane. Also, the large negative Ay =
—1.6m term allows for m;, ~ 125 GeV throughout much
of the plane (as shown between the gold contours of mass
my, = 123 GeV and 127 GeV). The large, negative A, term
helps crunch the Axg and Agg contours into the lower-left
region which actually yields charge-and-color breaking
scalar potential minima, which must be excluded.
Meanwhile, the Agy contours balloon out to very large
mg and m, /, values, with Agyw ~ 30 extending well-beyond
present LHC limits on m;. While the lowest Agy, values are
still found in the lower-left corner of m, vs m, parameter
space, we note that stringy naturalness, which favors a
power-law draw to large soft terms, actually favors the
region beyond the LHC m; limit [58].

VI. RATIOS OF MEASURES FOR
CMSSM AND NUHM2 MODELS

In this section we compute the ratios of various natu-
ralness measures in the CMSSM/mSUGRA and NUHM2
models. Spectra are calculated with SOFTSUSY [117] while
naturalness measures are computed with DEW4SLHA

[54]. The goal here is to quantify potential overestimates
of finetuning in different SUSY models.

A. Ratios of measures for the mSUGRA/CMSSM model

1. Results in my vs my,, plane

In Fig. 13, we compute the various ratios of naturalness
in the mSUGRA/CMSSM model and display results in the
mg Vs my, plane for Ay = 0 and tanf = 10, such as to
include the HB/FP region. Our first results are shown in
frame (a) where we plot Apg/Agg. The right-side gray
region has no EWSB while the left-side gray region has a
stau LSP. The lower-yellow region has the lightest
chargino below LEP2 limits of m;l < 103.5 GeV. The

color-coded ratios are denoted by the scale on the right-
hand side of the plot and range from 0.5 (purple) to
~15 (red).

Starting from the lhs of Fig. 13(a), we see that for low m
then Apg ~ Apg/2. This is because Apg is typically
dominated by the gluino or M5 contribution which is then
canceled by x? to maintain m, at 91.2 GeV. But Ayg is
dominated instead by 6m%1u which is low at low m. As m

increases, then ultimately the two measures are comparable
in the color transition region while for higher m, values,
where the FP-type cancellation kicks in, then Ayg becomes
much larger than Agg and reaches nearly a factor of ~5-15
at the edge of the “no EWSB” region. This plot illustrates
that the Agg and Ayg measures are incompatible.

In Fig. 13(b), we plot the ratio Agg/Agw. In this case, on
the left side at low m,, the two measures are comparable, but
become as large as a factor ~15 on the rhs near the edge of
the no EWSB excluded region. In this region, Agg is
dominated by the gluino/ M5 contribution, but in Agy this
is two-loop suppressed and so Agg is much larger.
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FIG. 14.  Plot of ratios of naturalness measures vs m; , from a
scan over CMSSM model parameters. In (a), we plot Ayg vs Agg
for a general plus a focused scan (at Ay, = 0 to pick up the FP
SUSY region) while in (b) we plot Agg/Agw and in (¢) we plot
Ays/Agw. The spectra are calculated using SOFTSUSY and the
naturalness measures with DEW4SLHA.

In Fig. 13(c), where the ratio Ayg/Agw is plotted, we see
the measures are only comparable on the extreme LHS but
then differ by up to a factor of ~80-100 on the rhs in the
orange/red region. In this region, top-squarks are in the
multi-TeV regime so Ayg is very large while Agy allows
for multi-TeV top squarks owing to the loop factor in
Eq. (22).
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2. Results from scan over CMSSM parameters

Next, we attempt to pick out the maximal ratio of
naturalness measures in an attempt to quantify their
numerical differences. First, we scan over CMSSM param-
eter space:

(1) mgy: 0.1-15 TeV,

(ll) m1/2Z 0.1-2 TeV,

(111) A(): — 25m0 to +2.5m0,

(iv) tanp: 3-60
with g > 0. In Fig. 14(a), we show the ratio Ayg/Agg from
the above scan plus a focused scan over the same parameter
range but with Ay = 0 so as to pick up the FP region where
the ratio is expected to be largest. The green points are
LHC-allowed from LHC Run 2. In this case, the ratio
Aps/Agpg can be as high as 28 overall, but only as high as
~10 in the LHC-allowed region. These values are some-
what higher than the maximal ratios obtained from the
plane plots.

Similarly, we show in Fig. 14(b) the ratio Agg/Agw
which ranges up to 50 (20) in the overall (LHC-allowed)
case. In frame (c), the ratio Ayg/Agw ranges up to ~200 for
both LHC-allowed and forbidden cases.

B. Ratios of measures for the NUHM2 model

1. Results in my vs my,, plane

Next, we compute ratios of naturalness measures for the
NUHM2 model. In this case, we expect much bigger
differences between naturalness measures Agg and Agw
since for NUHMIi models, m%, is now a free parameter, and
no longer available to cancel against other oppositely
signed sfermion contributions in Eq. (10). In particular,
the FP cancellation between Higgs and third-generation
sfermion terms in Eq. (10) is destroyed when one assumes
that m%, is a free parameter. Furthermore, by adopting
natural values of y ~ m,,y, then this contribution to Agy is
suppressed and the dominant contribution instead fre-
quently comes from the (loop-suppressed) X (7, ,) terms.

In Fig. 15(a), we show color-coded ratios Apg/Agg in the
myg vs my j, plane of the NUHM2 model with A, = —1.6m,
tan = 10, u = 200 GeV, and m, = 2 TeV. The lower-left
blue-shaded region has CCB minima in the scalar potential
owing in part to the large A, term. The mass spectra are
generated using SOFTSUSY. The gold contours denote Higgs
mass mj;, = 123 GeV (left) and m;, = 127 GeV (right),
while the purple contour near m;,, ~1 TeV denotes the
LHC my = 2.25 TeV limit. On the green-shaded extreme
left side of the plot, Agg becomes larger than Ayg by a factor
~2. For the bulk of the plot range (red- and orange- shaded
regions), then Ayg ~ (0.75-0.85) Agg.
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FIG. 15. Plot of ratios of naturalness measures in the n, vs m

plane for the NUHM?2 model for Ay = —1.6m, tan = 10 and
u =200 GeV, and my = 2 TeV. In (a), we plot Agg/Ays While
in (b) we plot Agg/Agw and in (c) we plot Ayg/Agw. The spectra
are calculated using SOFTSUSY and the naturalness measures with
DEW4SLHA.

035050-18



PRACTICAL NATURALNESS AND ITS IMPLICATIONS FOR ...

PHYS. REV. D 108, 035050 (2023)

In Fig. 15(b), we show the ratio Agg/Agw in the same
plane as frame (a). In the red-shaded region below the LHC
gluino mass limit, we see that Agg/Agw ~ 900, a gross

disparity between measures. Here, we have utilized my as
the fundamental parameter in place of m%, for numerical
stability purposes, as the difference is only a factor of two
in the derivative. In this region, Agg is dominated by the

term
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FIG. 16.  Plot of ratios of naturalness measures vs m, from a
scan over NUHM?2 model parameters. In (a), we plot Agg/Apg
while in (b) we plot Agg/Agw, and in (c) we plot Ayg/Agw. The
spectrum is calculated using SOFTSUSY and the naturalness
measures with DEW4SLHA.

in Eq. (10) which can be ~11000 whilst the Agy measure is
dominated by X“(7,,) which yields Agw ~ 10-20 (very
natural). Throughout the NUHM?2 plane, one can be brought
to very different conclusions regarding the naturalness of the
NUHM?2 model parameter space depending on which
measure one adopts. For the bulk of parameter space above
the LHC gluino bound, then one finds Agg ~ (50-400)Agyw.

In Fig. 15(c), we show the ratio Ayg/Agw. In this case, the
red-shaded region shows that Ayg ~ 700Agyw. Again, one is
led to very different conclusions on the naturalness of the
model depending on which measure one chooses. In this
case, in the LHC-allowed region then Ayg ~ (50-400)Agy.

2. Results from scan over NUHM?2 parameters

Here, we scan over NUHM?2 parameter space:

(1) mg: 0.1-15 TeV,

(11) m1/2: 0.1-2 TCV,

(lll) AO: - 25m0 to +2.5m0,

(iv) tanp: 3-60,

(v) pu:0.1-1 TeV and

(vi) my:0.3-8 TeV.
From Fig. 16(a), we see the ratio Aypg/Apg ranges from
~0.1-1.5 over the parameter space scanned: the two
measures are rather close much of the time in this case,
but sometimes Agg can become a factor of ~10 larger than
Aps. In Fig. 16(b), instead we plot the Agg/Agw ratio.
While the bulk of parameter points have ratio between
~1-250, some few points can range up to 500-1000.
Similar results are obtained for Fig. 16(c) where we plot
Aps/Agpw and find ratios ranging again up to over 1000.

VII. NATURAL GENERALIZED ANOMALY
MEDIATION (nAMSB)

Anomaly-mediated SUSY-breaking (AMSB) models
[79,80] are good examples of models where the soft terms
are all correlated and determined by a single parameter, the
gravitino mass ms,,. AMSB models assume a sequestering
between the hidden and visible sector fields such that
gravity-mediated soft terms are suppressed; in such a case,
the loop-induced AMSB soft terms, which depend on the
beta functions and anomalous dimensions of the low
energy theory (assumed to be the MSSM) are dominant,
and independent of higher-energy physics. At first glance,
AMSB SUSY models would seem ruled out since the
AMSB soft terms give rise to tachyonic sleptons. In the
original Randall-Sundrum paper [79], it is conjectured that
additional bulk soft terms may also be present which can
solve the tachyonic slepton mass problem.

In the so-called minimal AMSB (mAMSB) model
[127,128], auniversal bulk sfermion mass m is also assumed
so that the parameter space of mAMSB is given by

mg, my ), tan B, sign(u) (mMAMSB). (24)
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Here, the magnitude of a bilinear soft B term is traded for the
parameter tan # and |u| is determined from the EW mini-
mization condition. Famously, the winolike neutralino turns
out to be the LSP. At present, in light of LHC sparticle and
Higgs mass constraints and direct/indirect wino dark matter
constraints, mAMSB seems ruled out [120,129,130]. The
small AMSB A, terms lead to m;, < 125 GeV unless
sparticle masses ~10-100 TeV (highly unnatural) sparticle
are assumed [131,132] and the DM constraints are evaded.

However, in Ref. [81] some minor fixes (already
proposed in the original RS paper) were proposed which
lead to generalized AMSB models (gAMSB) which allow
for naturalness (nAMSB with Agw <30) and with
my, ~ 125 GeV. The fixes are:

(1) Nonuniversal scalar bulk masses my # my, # my;

(2) Bulk-induced A, terms;

(3) A further option is independent bulk terms for each

sfermion generation my (i) with i = 1-3.

(a) 200

As in NUHMi models, the nonuniversal bulk Higgs soft
terms can be traded for p and m, via scalar potential
minimization conditions and the bulk A terms can be
chosen to dial up mj, ~ 125 GeV. Thus, the generalized
AMSB parameter space is given by
mo(i),m3/2,A0,tanﬂ,,u and my (gAMSB) (25)
For natural values of 4 ~ 100-350 GeV, then in the nAMSB
model, the LSP is instead (usually) higgsinolike, although
the wino is still the lightest of the gauginos. The gAMSB
model is what one may expect in models of charged SUSY
breaking, where the hidden sector SUSY breaking field S
contains some hidden sector charge [133,134]. In this case,
then usual gravity-mediated gaugino masses are forbidden
since the gauge kinetic function is holomorphic. But sfer-
mion masses and A-terms, which depend instead on the
Kibhler potential, are allowed to obtain gravity-mediated soft
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FIG. 17.  Plot of naturalness measure Agy in the 1 vs ms, plane of (a) the mAMSB model and (b) the nAMSB model for tan # = 10.
For nAMSB, we also require ¢ = 200 GeV and m, = 2 TeV. The spectra are calculated using Isasugra.

035050-20



PRACTICAL NATURALNESS AND ITS IMPLICATIONS FOR ...

PHYS. REV. D 108, 035050 (2023)

terms. The naturalness measure Ay is harder to interpret in
the AMSB case since m3, plays a more fundamental role
than the ad hoc soft terms. Also, Ayg is problematic in that
the purely AMSB soft terms are famously scale independent,
so there is no prescription for which A should be used in
Eq. (19). Alternatively, there is no ambiguity in the Agy
measure, so we proceed to exhibit its value.

In Fig. 17, we plot color-coded regions of the naturalness
measure Agy in the m vs mj3/, plane for (a) the mMAMSB
model and (b) for the nAMSB model. For both cases, we
take tan # = 10 and u > 0. For the nAMSB model, we also
take 4 = 200 GeV, my = 2 TeV and Ay = my. In the case
of frame (a) for the mAMSB model, the Higgs mass m;, is
less then 123 GeV throughout the entire plane shown (and
we do show a contour of m;, = 120 GeV via the dotted
curve). The minimal value of Agy is ~25 in the purple
focus point region of the LHC-excluded zone, but Agy can
range as high as over 2000 in the upper-left region.

In contrast, for frame (b), we see that a large portion of
the plane shown has m;, ~ 123—-127 GeV. In addition, Agy
can range as low as ~15 in the lower-left region, although
this is excluded by LHC. In the LHC-allowed region, above
the m; = 2.25 TeV contour, then Agy can be as low as
~20. Note that the range of color-coded Apgy values is
much smaller in frame (b) than in (a); in (b), Agw ranges as
high as ~150 while in (a) it can range beyond 2000.

VIII. NATURAL GENERAL MIRAGE MEDIATION

While the AMSB models may seem contrived owing to the
requirement of sequestering and ad hoc bulk soft terms, a
perhaps more realistic alternative is mirage mediation (MM)
models where gravity-mediated and anomaly-mediated soft
terms are comparable. This class of models is expected to
arise from IIB string compactification on an orientifold with
moduli stabilization as in Kachru-Kallosh-Linde-Trivedi
(KKLT) [135]; the dilaton S and complex structure moduli
UP are stabilized by fluxes and the Kihler moduli 7% are
stabilized by nonperturbative effects such as gaugino con-
densation or instantons. While the S and U” moduli are
expected to gain Kaluza-Klein (KK) scale masses, the T¢
moduli can be much lighter. Moduli stabilization leads to
supersymmetric anti—de Sitter vacua, but uplifting of the
scalar potential via addition of, for instance, an anti-D3 brane
at the tip of a Klebanov-Strassler throat can lead to metastable
deSitter vacua. A scale of hierarchies [82,136]

my ~ 47r2m3/2 ~ 4 mgog

is expected to ensue, leading to comparable moduli and
AMSB contributions to soft masses.

The original KKLT picture assumed a single Kihler
modulus 7" and a simple uplift procedure. Within the MM
model, the soft supersymmetry breaking (SSB) gaugino-
mass parameters, trilinear SSB parameters and sfermion

mass parameters, all renormalized just below the unifica-
tion scale (taken to be Q = mgyr), are found to be [82],

Ma :Ms(laa+bagg)7 (26)
Ajje = My(=a;ja+yi +7v; +7i), (27)
m} = M3(c;o* +4ag; — 7;), (28)

where
ms;n
M, =—,
ST 1672

b, are the gauge S function coefficients for gauge group a
and g, are the corresponding gauge couplings. The coef-
ficients that appear in (26)—(28) are given by

C,»=l—nl»,
aijk:3—ni—nj—nk

and

2
&= Zaijk% - Zlaggcg(fi)-

Jok

Finally, y;;; are the superpotential Yukawa couplings, C7 is
the quadratic Casimir for the ath gauge group correspond-
ing to the representation to which the sfermion f; belongs,
v, is the anomalous dimension and

Lo 2 ayi
7, =8x dlogs’
Expressions for the last two quantities involving the
anomalous dimensions can be found in the Appendixes
of Refs. [137,138]. The quantity [, is the power of the
modulus field entering the gauge kinetic function. The #;
are modular weights which take on discrete values in the
original construction based on the brane locations of the
matter superfields [82].

The MM model is then specified by the parameters

my )y, a,tan B, sign(u), n;, 1,. (29)

The mass scale for the SSB parameters is dictated by the
gravitino mass ms,. The phenomenological parameter a,
which could be of either sign, determines the relative
contributions of anomaly mediation and gravity mediation
to the soft terms, and is expected to be |a| ~ O(1). Grand
unification implies matter particles within the same GUT
multiplet have common modular weights, and that the /,
are universal. We will assume here that all /, = 1 and, for
simplicity, there is a common modular weight for all matter
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scalars c,, but we will allow for different modular weights
cy, and ¢y, for each of the two Higgs doublets of the
MSSM. Such choices for the scalar field modular weights
are motivated for instance by SO(10) SUSY GUT models
where the MSSM Higgs doublets may live in different ten-
dimensional Higgs reps.

For a variety of discrete parameter choices n;, the various
MM models have all been found to be unnatural when the
Higgs mass my, is restricted to be m,: 123-127 GeV [45].
However, in Ref. [83], it was suggested that to allow for more
realistic compactification schemes (wherein the Kéhler
moduli may number in the hundreds instead of just one)
and for more diverse uplifting mechanisms, then the discrete
valued parameter choices may be generalized to continuous
ones. This transition to generalized MM models (GMM) then
allows for natural models with m;, ~ 125 GeV. The param-
eter space of GMM is given by

®, M35, Cpys i3, A3, Cy,» Cpy o tan - (GMM), (30)
where a3 is short for ay, ¢, [appearing in Eq. (27)] and ¢,,,,
Cm3» CH,» and cy, arise in Eq. (28). Here, we adopt an
independent value c,, for the first two matter-scalar gen-
erations whilst the parameter c,,3 applies to third-generation
matter scalars. The independent values of ¢y, and ¢y, which
set the moduli-mediated contribution to the soft Higgs mass-
squared soft terms, may conveniently be traded for weak-
scale values of u and my as is done in the two-parameter
nonuniversal Higgs model (NUHM?2) [73];

A, M35, Cpps Cop3 Az tanffou,my - (GMM'). (31)
This procedure allows for more direct exploration of stringy
natural SUSY parameter space where most landscape

2.0

solutions require # ~ 100-300 GeV in anthropically allowed
pocket universes [139].
Thus, our final formulas for the soft terms are given by

M, = (a+ b,gz)ms) /1672, (32)
A, = (—aza+7yp, +vu, +vE)msp/16%,  (33)
Ay = (—aza+yg, +vu, + J’Dg)m3/2/16”2, (34)
A, = (—aza+yg, +ru, +ru,)mspn/16*,  (35)
m;(1,2) = (cpo® +4ag; — ;) (m3pn/167°)%,  (36)
m3(3) = (3 + 4a&; — ;) (m3p/16%)%,  (37)
m%—lu = (cp, o +4aly, — iy, )(my;n/167%)%, (38)
my = (cy, @ +4aly, —yy,)(m3p/167°)%,  (39)

where, for a given value of @ and mj ,, the values of ¢y and
cy, are adjusted so as to fulfill the input values of y and m 4. In
the above expressions, the index i runs over first-/second-
generation MSSM scalars i = Qy,,U;,,D ,,L;,, and
E,, while j runs overs third-generation scalars j = Q3,
U;, D3, Ly, and E5. The natural GMM model has been
incorporated into the event generator program Isajet 7.86
[126]. Here again, there is ambiguity in the evaluation of Apg
and Apg while evaluation of Agy is unambiguous.

In Fig. 18, we show color-coded regions of Agy for the
GMM' model mg™ vs m{/}l plane for a; = 1.6\/c,,, c,, =
¢z and with g =200 GeV and m, = 2000 GeV. Here,

mMM is defined as

mp~123 GeV

-+ <103.5 GeV
X1 1

3

= mg ~2.25 TeV
Q

g

mp~125 GeV

AEW

CCB minima 20

2 4

6 8 10

mi™ [Tev]

FIG. 18.

Plot of naturalness measure Agy, in the mg™ vs m}/5' plane of the generalized mirage-mediation model for tan # = 10 with

¢ = Cp3 and a3 = 1.6,/c,,. For GMM’, we also require u = 200 GeV and m4 = 2 TeV. The spectra are calculated using Isasugra.
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my™ = /¢, ams, /167>

MM
and m; o as

m’l”/g” = ams, /167>

We also show contours of m;, = 123 GeV and 127 GeV
and a contour of m; = 2.25 TeV. The lower-right region is
excluded due to CCB minima, while the yellow lower-left

region has Mg+ < 103.5 GeV. From the plot, we see a vast

purple- and blue-colored region with Agy ~ 10-20; highly
EW natural. Also, much of this region has a light Higgs
scalar with mass mj, ~ 125 GeV. The key signature of
GMM models is the fact that the gaugino masses should
unify at scales well below Q = mgyr. Thus, if SUSY were
discovered, a high-priority issue would be to measure m;
(M) and My (M>) to determine the scale Q at which these

values unify. A measurement of the bino mass M; would
also be useful, but this may be more difficult than
measuring Mz and M,.

IX. CONCLUSIONS

In this paper, we have reexamined three fine-tuning
measures which are widely used in the literature: Agg, Ags,
and Agyw. A fourth, stringy naturalness, does not yet admit a
quantitative measure although it may be possible in future
work. These measures have been quoted vaguely to bolster
opinions on future HE facilities and to set policy for future
experiments. Given these consequences, a critical evalu-
ation seems necessary. While naturalness definitions such
as 't Hooft naturalness certainly apply to supersymmetry
and the big hierarchy problem, in that a low scale of SUSY
breaking is technically natural (in that the model becomes
more (super)symmetric as the SUSY breaking order
parameter tends to zero) this doesn’t apply to the little
hierarchy problem (LHP) which is instead concerned with
the increasing mass gap between the measured value of the
weak scale and the scale of soft-SUSY breaking terms
[which determine m,.., via Eq. (3)]. For the LHP, we
invoke instead the notion of practical naturalness, where
all independent contributions to any observable should
be comparable to or less than the measured value of the
observable.

The three naturalness measures are all attempts to
measure practical naturalness. The Agy measure is most
conservative and unavoidable. It is model independent
within a fixed matter content (such as the MSSM). It is
also unambiguous. Its lessons can be immediately extracted
from Eq. (3); the only superparticles required at the weak
scale are the various higgsinos whose mass derives from the
SUSY conserving p parameter. While the value of u is
frequently tuned in Eq. (3) such as to give the measured
value of my, its physics origin is rather obscure and may or

may not be directly related to SUSY breaking.9 Of the
remaining superparticle contributions to the weak scale, all
are suppressed by loop factors times mass-squared factors
in Eq. (3) so that the sparticles can lie in the TeV to multi-
TeV range at little cost to naturalness. In the string
landscape picture, in fact, there is a statistical draw to
large soft terms so long as their contributions to the weak
scale are not too large. This then predicts m; ~ 125 GeV
with sparticles typically beyond present reach of the
LHC [114,141].

The traditional Agg measure which instead famously
placed upper bounds on all sparticles of just a few hundred
GeV suffers from the ambiguity of what to take as free
parameters in the log-derivative measure. While the com-
monly used SUSY EFTs adopt a variety of “parameters of
ignorance”, it is noted that in more specific models the soft
terms are all correlated (in our universe). Taking multiple
soft parameters as the p; in Apg leads to overestimates of
finetuning by factors of up to 500-1000 as compared to
Agw. Also, the measure Apg is rather complicated to
compute, so we have embedded its numerical evaluation
into the publicly available code DEW4SLHA which com-
putes all three finetuning measures given an input SUSY
Les Houches Accord file. By combining dependent soft
terms, then Apg reduces to the tree-level value of Agy.

The measure Agg which evaluates to be approximately

~om3, [/mi, is found to overestimate fine-tuning by

attificially ~splitting m7; (weak) into mg (A) 4 émy; .
These are not independent contributions to mﬁ In fact,
selection of appropriately broken EW symmetry requires
5m%,“ to be large or else EW symmetry is not broken. This
measure, which famously predicts three third-generation
squarks below 500 GeV, also overestimates fine-tuning by
up to three orders of magnitude. By combining the dependent
terms my; (A) with &mj; , then Apg reduces to Ay
according to Eq. (20).

Our ultimate conclusion is that the so-called naturalness
crisis [142,143] which arose from non-observation of
SUSY particles at LHC is not a crisis at all, but is based
on faulty estimates of finetuning by the Apg and Agg
measures (which are actually inconsistent with each other).
The more conservative measure Agy rules out old favorites
such as the CMSSM/mSUGRA, mAMSB, mGMSB, and
MM models based on naturalness, but allows for plenty of
natural parameter space in models like NUHMi, nAMSB,
and nGMM (and of course less theoretically constrained
exploratory constructs like pMSSM). In fact, the natural-
ness-allowed and LHC-allowed parameter space regions
are precisely those which seem most prevalent from rather
general considerations of the string landscape. In this light,
the above natural SUSY models maintain a high degree of

9Twenty solutions to the SUSY p problem are reviewed in
Ref. [140].
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motivation, and are perhaps even more highly motivated
than pre-LHC times due to the emergence of the string
landscape. Thus, policy decisions for future HEP facilities,
especially future accelerators, should bear this resolution in
mind in that it may be that we just need a much more
energetic collider for the discovery of superpartners.
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