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ABSTRACT: The Higgs boson discovery stirred interest in next-to-minimal supersymmetric
models, due to the apparent fine-tuning required to accommodate it in minimal theories.
To assess their naturalness, we compare fine-tuning in a Zs conserving semi-constrained
Next-to-Minimal Supersymmetric Standard Model (NMSSM) to the constrained MSSM
(CMSSM). We contrast popular fine-tuning measures with naturalness priors, which auto-
matically appear in statistical measures of the plausibility that a given model reproduces
the weak scale. Our comparison shows that naturalness priors provide valuable insight into
the hierarchy problem and rigorously ground naturalness in Bayesian statistics. For the
CMSSM and semi-constrained NMSSM we demonstrate qualitative agreement between
naturalness priors and popular fine tuning measures. Thus, we give a clear plausibility
argument that favours relatively light superpartners.
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1 Introduction

The absence of supersymmetry (SUSY) at the LHC see e.g., ref. [1] and the discovery of a
125 GeV Standard Model-like Higgs boson [2, 3] raise the spectre of fine-tuning in super-
symmetric models [4, 5]. This appears to undermine the raison d’etre for weak-scale su-
persymmetry: eliminating fine-tuning in the Standard Model (SM) by cancelling quadratic
divergences [6], thus solving the infamous hierarchy problem [7-10]. A 125 GeV Higgs is
particularly problematic for minimal supersymmetric models see e.g., refs. [11-16] because
it can only be achieved by large quantum corrections from massive sparticles [17-23].

In singlet extensions of minimal supersymmetry [24-32] the tree-level Higgs mass can
be raised beyond that of the Z-boson. The simplest singlet extension is the Next-to-
Minimal Supersymmetric SM (NMSSM), reviewed in refs. [33, 34]. It is argued that the
NMSSM is more natural, that is less fine-tuned, than minimal supersymmetric models [35—
44]. Furthermore, there have been many supersymmetric models, built in light of LHC



results, that are claimed to be more natural because they raise the Higgs mass at tree-level
see e.g., refs. [45-73].

Checking such claims by calculating fine-tuning in various supersymmetric models,
however, is somewhat futile, as the results would completely depend upon the definition
of fine-tuning itself. This subjectivity is a common criticism of naturalness arguments.
Rather than abandoning naturalness or relying on heuristic judgments, we instead advo-
cate for an approach that is based on Bayesian statistics. In this approach, one has a
well-defined means of quantifying both how plausible a particular parameter space point
is in the context of a given model and which model in a given set is the most plausible in
light of experimental data. Apart from these being the most germane questions to pose,
we argue that they also capture the essence of ordinary naturalness arguments whilst evad-
ing arbitrary aspects of naturalness by utilizing a unique logical framework in Bayesian
inference see e.g., refs. [74-76].

Such calculations automatically incorporate so-called naturalness priors that contain
factors strongly resembling some traditional measures of fine-tuning, but which have a rig-
orous probabilistic interpretation. In addition to being a well-founded fine-tuning measure,
the appearance of these naturalness priors also leads to posterior probability densities that
tend to favor regions of parameter space that would be considered as having low fine-tuning
according to the naive tuning measures, as we show below. Thus Bayesian plausibility
analyses automatically take into account fine-tuning in a model and the effects of new
experimental data on this tuning. Moreover, through comparing the Bayesian evidence for
different models it is possible to make statistically meaningful comparisons between mod-
els. The role of the naturalness priors in these comparisons is to ensure that the outcome
of such a comparison is reflective of whether one model is more natural than another for a
given set of experimental data.

The Bayesian interpretation of naturalness was advocated numerous times over the last
decade [77-85]. However, since it remains much less common than traditional fine-tuning
measures, we recapitulate the essential points in section 2. We illustrate this methodology
with a warm-up example of the hierarchy problem in the SM in section 3, define our semi-
constrained NMSSM and the CMSSM models in section 4, and describe results from our
fully-fledged Bayesian analysis in section 5. This completes our previous study [86] and
complements previous Bayesian analyses of the semi-constrained NMSSM [82, 87, 88| and
CMSSM [13, 89-130]. We close by summarizing our findings in section 6.

2 Bayesian inference

Bayesian statistics is a framework for quantifying the plausibility of a hypothesis, such as a
scientific theory see e.g., ref. [74]. The central equation for our analysis is Bayes’ theorem
for continuous variables,

The theorem expresses that the prior probability density p(x,y,... |M) for parameters
Z,Y,... in a model M is updated by experimental data D, resulting in the posterior



p(z,y,... | M, D). The updating factor p(D | M, x,y,...) is known as a likelihood function
when interpreted as a function of x,y,.... The posterior is often insensitive to the diffuse-
ness of the prior, i.e., whether one permits broad or narrow ranges for the parameters, but
may be sensitive to the shape of the prior, though this sensitivity may be counterbalanced
by sufficient data.

We may find the probability density for a subset of parameters by marginalization, i.e.,
integration. For example, the marginal posterior density for = would be

p(x|M,D):/p(:U,y,...|M,D)dyd.... (2.2)

As simple as it seems, marginalization captures the traditional idea in physics that fine-
tuned parameters are relatively implausible. We may rewrite eq. (2.2) as

p(x| M, D) :/p(x|y,...,M,D)-p(y,... | M,D)dyd..., (2.3)

which states that the posterior density for x is the average conditional density
p(x|y,...,M,D). For a given x, it may be possible to fine-tune the value of y, ... such that
the conditional density is substantial. The average conditional density and thus the pos-
terior, though, may be negligible. As we shall see in section 3, in this way marginalization
automatically penalizes fine-tuning related to the hierarchy problem.
The second equation for our statistical analysis is Bayes’ theorem for a discrete hy-
pothesis,
P(M|D)xp(D|M)-P(M). (2.4)

We see that the plausibility of a model is updated by a factor known as the evidence, which
may be expressed as

p(D|M)—/p(D|:B,y,...,M)-p(x,y,... | M)dxdyd... . (2.5)

The evidence is a functional of the priors for the model’s parameters. Model selection
by evidences is somewhat controversial, partly since evidences may be sensitive to the
diffuseness of prior densities and this sensitivity cannot be compensated by sufficient data.
For that reason, we focus upon posterior distributions, though briefly compare models with
evidences, which are a byproduct of our analysis.

Computationally, the evidence is the average likelihood. As such, it penalizes fine-
tuning automatically, since if, for a particular model, agreement with data is found in only
a small region of the prior volume, the average likelihood will be small relative to a model
in which agreement is found everywhere or more readily.

3 Fine-tuning in the Standard Model

We now consider fine-tuning of the weak scale in the Standard Model (SM) interpreted as
an effective field theory with quadratic corrections from new physics. Our toy-model of the
effective SM is defined by a cut-off A2 and parameters ;2 and X in the Higgs potential,

V = u?h? + \h1. (3.1)



This toy model predicts that

=2

=2,,2
2 _gv g 2 2
Mz == = (1?4 A?), (3.2)

where g2 = g2 + ¢’*, g and ¢ being the SU(2); and (non-GUT normalized) U(1)y gauge
couplings, respectively. We assume, as happens in many specific cases, that new physics
at the cut-off scale results in quadratic corrections to 2. To keep the toy model as simple
as possible, we do not consider any coeflicient from a loop-factor in front of the quadratic
correction and neglect the new physics corrections to A.

The most common measure of fine-tuning in particle physics is the Barbieri-Giudice-
Ellis-Nanopoulos (BGEN) measure [4, 5], which is based upon measuring the sensitivity
of some observable quantity to variations in the underlying, assumed to be fundamental,
model parameters. In discussions of the hierarchy problem, the measure is conventionally
formulated in terms of the predicted Z-boson mass, leading to the tuning sensitivities
defined by

Ap

81n M2
‘ Nz (3.3)

dlnp

for each model parameter p. This traditional measure leaves many questions. Are fine-
tuned theories implausible? And if so, why? How much fine-tuning is too much and why?
How should we adjust our conclusion in light of new experimental evidence? There are
no answers to these questions because the measure is only intuitively connected to physics
and lacks rigorous mathematical roots. In contrast, it is well known that in Bayesian
statistics fine-tuning is intimately connected to model plausibility by a fine-tuning penalty
automatically incorporated in the evidence [78, 81, 126].
Applying the traditional BGEN measure to the cut-off A? in our toy model of the SM
we find!
g2 AQ

Are =2 4
A2 8)\M%7 (3 )

which indicates that fine-tuning mounts as the cut-off exceeds the weak scale, that is if

A > My . This is the SM hierarchy problem.

To illustrate that Bayesian statistics captures essential aspects of the hierarchy prob-
lem and fine-tuning, we consider the posterior for the SM cut-off, conditioned upon
the measured Z-boson and Higgs mass, M;™® and m;®. If Bayesian statistics quanti-
fies the hierarchy problem, the posterior should favor an SM cut-off close to the weak
scale. We begin by applying Bayes’ theorem to calculate the posterior for A? given our

toy version of the SM and the experimental measurement of the mass of the Z boson,

'The sensitivities A, are more commonly calculated with respect to the Lagrangian parameters in a
model. In a realistic model, one might consider applying the measure to a heavy mass parameter charac-
terizing the scale of new physics; we use the generic cut-off here simply to illustrate the effects of these
(unspecified) parameters.



MZ® =91.1876 + 0.0021 GeV [131],

PN [ MZ7,SM) = [ (A%, 2 X MY M) dy (3.5)
1
=5 [PPSR A AR, (30

where Z = p(M;™® | SM) is the evidence. We continue by replacing the likelihood function
p(MZ® | A% u2, A, SM) with a Dirac é-function, because My is measured with such high
precision,? and change the variable in the Dirac §-function from My to u?,

(1 —Hz 2,2 2
-5 [H 2 ] A (55)

where /ﬂZ reproduces the measured M,

ny = —?(MEXP)Z — A% (3.9)

We identify the integral over u? as an effective prior for the SM quartic and cut-off scale,

2 \\ — (A2 1R - ) 2 2 2
peff.(A 7)‘) —p(A 7)‘|SM7MZ) - » p(A y 7>‘|SM)dM (310)

2
Ou?
=z o, p(A”, pz, A SM). (3.11)
Ou? 1%

In section 4.2.1 we identify similar effective priors in supersymmetric models. The effective
prior is conditioned upon measurement of Myz. By using an effective prior with one La-
grangian parameter fixed such that the measured M is obtained, one obtains a prior which
is logically identical to the case in which no parameters are fixed and M is simply input as
a constraint in the likelihood. However, the effective prior allows for vastly more efficient
scanning, since one can scan only the hypersurface of parameter space in which the correct
My is predicted. In the SM, the fixed parameter was the Higgs Lagrangian mass, p2, and
the specific form of the effective prior obtained contains the same derivative that would
appear when the traditional fine-tuning measure, eq. (3.3), is applied to the parameter u?.

Performing the p? integration to obtain the marginal density for A% in eq. (3.8) we find

1 []|16MZPA
b2 275w = £ [ ]gZ\ p(A%, 1, A SM) dA. (3.12)
We pick logarithmic priors for the SM parameters, such that

N . .
p(A2 ,u2Z A SM) — I inside prior ranges R, (3.13)
0 otherwise.

2We approximate the likelihood function by a Dirac é-function under integration, i.e.,

/ p(MZP | A%, 1%, X, SM) - p(A®, p?, A | SM) dp® dA = / §(Mz — MZ®) - p(A%, i, A| SM) dp? dA. (3.7)



Posterior of SM cut-off in light of Z- and Higgs-boson masses

e Posterior p(log;g A | SM, Mz, my,)
= Posterior p(log;o A | SM, My)
e Prior p(logjo A |SM)

TeV-scale

Arbitrary units

el

wt

3 4
SM cut-off scale, log;y A/GeV

Figure 1. Distribution of log;y A, the log of the SM cut-off. The prior distribution (blue line)
was flat in log A. Once conditioned upon the weak scale (M), the posterior distribution (green
dashed line, filled) favors a small SM cut-off. This is the gist of the SM hierarchy problem caused
by quadratic corrections, A%. Further conditioning upon m;, makes little difference (red line, filled).
A cut-off of A = 1TeV is shown for reference by the vertical (yellow) line.

The prior for e.g., the SM cut-off favors no particular scale — logarithmic priors equally
weight every order of magnitude, i.e. p(In A | SM) = const. The normalization factor N is
defined such that the integral of the prior over the chosen prior ranges is unity. We take
the prior ranges to be 107% < A < 10 and 107 GeV? < |u?| < 100 GeV?2. The prior
range for the cut-off affects only the overall normalization of the posterior and the ranges
outside of which it is zero.

Thus with our priors the posterior is,

N 16 M PN\ 1
pa? g v = 5 \ I
z z |2 | 2

B 16NM§XP/ 1
2 A2 R [BA(MSP)? + g2A2

dA (3.14)

dA. (3.15)

The prior distribution is substantially updated by the data because we have taken p to
have a logarithmic prior instead of fixing it at the outset to reproduce the measured My
and then treating the latter as a nuisance parameter. As a result, after the p integration
a factor of ﬁ appears in the remaining integrand which is approximately (g?A%)~! when

A > M7™®. The impact of this is to update the prior distribution such that large values of
A are strongly disfavored.

This is illustrated in figure 1 where this posterior distribution and a similar one from a
calculation that includes the Higgs boson mass m;® ~ 125 GeV in the likelihood are plotted
as functions of log A. We find, as expected, that the application of Bayes’ theorem captures
the gist of the hierarchy problem: quadratic corrections in the SM Higgs mass mean that

we ought to expect new physics close to the measured weak scale. The prior distribution



for the magnitude of the cut-off was flat, but once conditioned upon the weak scale (i.e.,
measurements of the Z-boson mass and the Higgs mass), a sub-TeV SM cut-off was favored.

Finally, we calculate Z, the evidence of the SM in light of the measurement of M, by
integrating eq. (3.14) with respect to the SM cut-off and rearranging to find the evidence,
Z. We find that if the lower limit on the prior for A is Agy and Agy > M, then

exp\ 2
p(log M7 | SM) ~ p(log M5;®, logm;® | SM) ~ ¢ ( AZ > : (3.16)
SM

where ¢ is a coefficient determined by factors from integration and priors, which we calcu-
lated to be O(1) for our choices. For comparison with dimensionless fine-tuning ratios, we
expressed the evidences as e.g., p(log M P | SM) = M7 Pp(M;™ | SM).

This tells us that if the cut-off is of the order of the Planck scale, Mp), then the evidence
is very small, O(10734). But if the model allows the cut-off to be of order My then the
evidence is O(1). Therefore the evidence strongly prefers an SM effective theory that is valid
only up to the electroweak or TeV scale (with new physics such as supersymmetry appearing
at that scale) to an SM effective theory with no new physics below Mp;. This is the essence
of the well-known hierarchy problem, but expressed in a statistically rigorous manner.

Besides its coherency and connection to statistics, an advantage of this formulation
over ad-hoc fine-tuning measures is that the evidence calculation can be repeated in any
new extension of the SM, and consistently compared to the evidence computed in other
models. If there is no cancellation of the quadratic divergences within that model then
one should obtain a similar result as obtained in the toy example. In supersymmetry the
quadratic divergences are cancelled; however, soft-breaking introduces corrections of order
m%USY? which may result in fine-tuning if mgysy > M.

In supersymmetry the quadratic divergences are cancelled; however, soft-breaking in-
troduces corrections of the order of the squared soft masses, which may result in fine-tuning
if these soft masses are required to be substantially larger than M. For this reason one
should expect that in supersymmetric models a similar result approximately holds, i.e.,

exp \ 2
p(log M7 | SUSY) ~ p(log M logm;™* | SUSY) =~ ¢ ( Z > : (3.17)
msusy

where in this expression mgusy characterizes the minimal size of the soft masses consistent
with the likelihood and chosen priors. We now explicitly repeat our calculations in two
supersymmetric models to see whether this is the case.

4 Supersymmetric models

4.1 Models

We consider two models: a semi-constrained NMSSM and the constrained MSSM
(CMSSM). The models are tractable examples of a minimal supersymmetric model and
a singlet extension that we investigate with Bayesian statistics.



4.1.1 Semi-constrained NMSSM

The NMSSM solves the p-problem [132] of the MSSM by replacing the MSSM superpoten-
tial term uﬁd~ﬁu by one of the form ASHy- H,, where S is a new gauge singlet superfield.?
An effective p-term, given by

Heff. = )‘<S>7 (41)

is then generated when the scalar component S of this singlet superfield develops a vacuum
expectation value (VEV), (S). The most general renormalizable superpotential of the
NMSSM should also contain additional terms beyond those found in the MSSM involving
the singlet S. Here we restrict our attention to the Zs-conserving NMSSM see e.g., refs. [33,
34], for which the full superpotential is

Winissm = 5§ Hy - Qj + yisdf Q- Hy + y§;é5 Ly - Ha+ ANSHy - Hy + éﬁg?’ (4.2)
— Wissleo + ASHy - Hy + %@3.
Here the notation WMSSMM:O refers to the usual MSSM superpotential, i.e.,
Wassm = yi5tsHy - Qj + ybdsQ; - Hy + y5é5L; + Hy + pHy - Hy, (4.3)

evaluated with u = 0. The cubic singlet coupling « is required to explicitly break a global
U(1) Peccei-Quinn symmetry, which would otherwise give rise to a massless axion when it
is spontaneously broken by the scalar field S acquiring a VEV.

As usual in phenomenological SUSY models, in the NMSSM SUSY is softly broken by
a set of explicit soft terms,

NMSSM
£soft = £soft—scalar + Esoft—gaugino + £soft—trilineara (44)

where the soft scalar masses, gaugino masses and soft trilinear terms are taken to be

—Loof-seatar = mg|S|* +miy |Hy|* + m¥, | Hal* + méJQIQy
e @55+ mige i 5 +mi, LIL; + mle &8, (4.5)
~Laotgangino = 5 (MiBB + MWW + My +h.c.), (16)
—Lsoft-trilinear = G;5U; Hy - Q; + G%CZ?QJ‘ -Hg + a?jégij ~Hg

1
+a)\SHy - H, + gaﬁs?’ +h.c., (4.7)

respectively. To construct the semi-constrained NMSSM that we consider here, the above
soft parameters are assumed to satisfy a set of relationships at the grand unification (GUT)
scale Mgyt motivated by those found in minimal supergravity (mSUGRA) [133, 134].
These GUT scale boundary conditions are as follows:

3We use the notation A - B = eagflo‘Bﬁ = A?B' — A'B? to denote a contraction between SU(2)L
doublets.



e The soft-breaking trilinears are parameterized by

ali(Mcur) =y (Maur) A, afy(Maur) =y (Maur) AS, af (Maur) =5 (Maur) A5,
ax(Mgur) =M Mgur)Ay, and ax(Mgur)=x(Maut)Ax,

(4.8)
where the reduced trilinear couplings are partially unified at the GUT scale, that is,
Al = AL = AL = Agsyj, (4.9)

while Ay and A, are allowed to vary separately.

e The soft-breaking scalar masses are partially unified at Mgur,

mg,, (Maur)=mi, (Mcur)=mge (Maur) =mg. (Mcur)=mg: (Maur)=mgdi;,
my, (Maur) =mi;, (Maur) =mj.
(4.10)
The exception is the soft-breaking scalar mass for the singlet, m%(MGUT) = m%o,
which is taken to be free.

e The soft-breaking gaugino masses are unified at the GUT scale,

Mi(Mgut) = Ma(Mgut) = M3(Mgut) = my s (4.11)

In addition to the GUT scale values of the soft parameters, the values of the Yukawa cou-
plings A and & at the GUT scale, A\(Mgut) = Ao and k(MguT) = Ko, must also be specified.
This semi-constrained model is therefore described by the nine GUT scale parameters

{Ap, Ay, Ax, my, m?go, M1 /2, A0, K0, SIEN fleft, }- (4.12)

In the MSSM, the effects of A terms are absorbed into the RG evolution of the soft terms
such that the VEVs have no explicit dependence on them. On the other hand, the VEVs
depend on A terms directly in the NMSSM. It is, therefore, important to have flexible
constraints on A terms in the semi-constrained NMSSM.

Note that, depending on the literature, the semi-constrained NMSSM is defined by
slightly different assumptions. A more strict convention allows only the singlet specific pa-
rameters to be unconstrained such that Ay = Ap is implied at the GUT scale [37], while the
more flexible version lets non-universal Higgs masses be free parameters as well as A, [135].

Hereafter, NMSSM is used to simply denote the semi-constrained NMSSM, if there is
no special reason to distinguish it from the general NMSSM.

4.1.2 CMSSM

For comparison purposes we use the CMSSM [133, 134, 136], one of the most-studied
supersymmetric models. In the parameterization that we consider, the model can be char-
acterized by five parameters at the GUT scale. These are a common scalar mass, mg, a
common gaugino mass, m 3, a common trilinear, Ag, the GUT scale value of the 1 param-
eter appearing in eq. (4.3), po = u(Mgur), and the GUT scale value of the corresponding



Parameter PDG Theory error Distribution
My 91.1876 £+ 0.0021 GeV [1] Dirac
mp, 125.09 + 0.24 GeV [1] 1GeV Gaussian

Table 1. Likelihoods in our analysis for the Higgs and Z-boson masses. We added in quadrature
a 1 GeV theory error upon the SOFTSUSY calculation of my,.

soft-breaking bilinear coupling, Bouo = Bu(Mcut), where Els\ngtSM D Bu(Hy - Hy + h.c.).
The unified soft parameters mq, my /5, and Ag have analogous definitions to those used in
the semi-constrained NMSSM; that is, in the CMSSM the boundary conditions eq. (4.9),

eq. (4.10), and eq. (4.11) are assumed to hold.

4.2 Likelihood and priors

We include Particle Data Group (PDG) world-averages [1] of measurements of the Higgs
and Z-boson masses in table 1 in our likelihood function. Under integration, we approx-
imate the Gaussian likelihood function for the Z-boson mass by a Dirac d-function, as in
eq. (3.7). We added in quadrature a 1 GeV theoretical uncertainty in the calculation of the
SM-like Higgs boson mass by SOFTSUSY [137, 138].

Our chosen priors for the parameters of the CMSSM and the semi-constrained NMSSM
are shown in table 2. Because we are ignorant of the soft-breaking mass scale, we pick
logarithmic priors, where possible, that equally weight every order of magnitude. Note
that the trilinear couplings in both models, Ag, Ay, and A, are allowed to take both signs,
and we use the piecewise prior

1 |A| < 100 GeV,
p(A) oc ¢ 108V 100 GeV < |A] < 20 TeV, (4.13)
0 Al > 20TeV.
Al

This choice corresponds to a logarithmic prior with special treatment at |A| ~ 0 such that
the prior remains proper.

In addition to the relevant GUT scale parameters, the models share nuisance parame-
ters that are not of particular interest in this analysis, but which could impact our results.

The most important nuisance parameters are the top quark mass, m?OIe, and the strong

MS " We pick Gaussian priors for them, with means and standard de-

coupling, as(Mz)
viations determined by PDG world-averages of experimental measurements [1], as shown
in table 2. We fix other SM nuisance parameters, including the bottom mass and weak

coupling, to their measured values.

4.2.1 Effective naturalness priors

As in the SM in eq. (3.10), from these initial priors we find effective priors in the CMSSM
and NMSSM in which one of the GUT scale parameters is fixed to reproduce the observed
value of M% This corresponds quite closely to the approach taken in spectrum generators

~10 -



Parameter Distribution
CMSSM
mo Log, 1 GeV, 20 TeV
my /o Log, 1 GeV, 15 TeV
Ap Log for 100 GeV < |A]| < 20 TeV, Flat for |A| < 100 GeV
|0l Log, 100 GeV, 20 TeV
Boo Log, (100 GeV)?2, (20 TeV)?
sign p +1 with equal probability
NMSSM
o Log, 1076, 1
Ko Log for 10710 < |x| < 1
mg, Same as myg
Ay Same as Ay
A, Same as A
SM
s (M7)MS Gaussian, 0.1185 £ 0.0006 [1]
mPoe Gaussian, 173.34 £ 0.76 GeV [1]

Table 2. Priors for the CMSSM and semi-constrained NMSSM model parameters. In the CMSSM,
|o| is marginalized in accordance with My, while in the NMSSM mg is marginalized as |ug| via
(S), as described in section 4.2.1. The full set of parameters in our scan of the CMSSM includes
the SM parameters, and the same priors are used in the NMSSM for those parameters that are
shared with the CMSSM. In the case of the NMSSM, the parameters |uo| and Bopg are absent and
instead we specify priors for Ag and xg.

for the MSSM and NMSSM, such as SOFTSUSY, where some of the presumed fundamental
parameters are traded for phenomenological parameters at the weak scale. The models
can then be parameterized in terms of the remaining GUT scale parameters and a set of
precisely known electroweak (EW) parameters. It should be noted, however, that this is
equivalent to working directly in terms of the GUT scale parameters and marginalizing with
the chosen EW observables using a d-function likelihood. This provides an economic way
to survey the entirety of parameter space, discarding points that lead to hardly justifiable
low-energy spectra.
In the MSSM, the effective priors arise from making the conventional trade

{‘/UJOL Bopo, signp, . . } - {M%, tan 3, SIgN [, - . . }a (414)

where as usual tan 8 = vy /v; is defined as the ratio of the two Higgs VEVs,

(HY) = &, (HO) =

7 (4.15)

S‘@
[\DM
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In practice, we achieve this trade in two steps. First, the GUT scale parameters are
evolved to msusy = /Mg, My, the scale of EW symmetry breaking (EWSB), using two-
loop renormalization group equations (RGEs). The EWSB conditions,

m%{d — fn%{u tan?fB 1
tan? 3 — 1 2

2Bu

myy, +my + 2u%

SMZ =+ Rell},, (4.16)

sin2f = (4.17)
can then be used to exchange the low-energy values of y and By for M % and tan 8. In these
expressions, the one- and two-loop corrections from the Coleman-Weinberg potential [139]
have been absorbed into the quantities fn%{d,u, and Re H%Z is the transverse part of the
Z-boson self-energy. Since the EWSB conditions cannot fix the phase of the u-parameter,
sign p is an additional parameter. This trade is convenient, since we may now input the
measured Z-boson and fermion masses, the latter being related to their Yukawa couplings
via tan (3.

The priors for the two choices of parameter sets are related by the Jacobian, JMSSM|
associated with this change of variables,

p(| o], sign w, Bopo, - .. | CMSSM) = p(po, Boto, - - - | CMSSM)
= JOMSSM (M2 tan B,... |CMSSM),  (4.18)

where JMSSM i given by JOMSSM — | det JOMSSM| - JOMSSM 16ing the appropriate Jaco-
bian matrix. Here we treat the RG evolution from Mgyt to mgysy and the subsequent
solution of the EWSB conditions as two consecutive changes of variables, so that J CMSSM
may be written as a product of the Jacobian determinant associated with each, i.e.,

M M M
T =gM T (4.19)

where M = CMSSM, NMSSM denotes the particular model under consideration. The

forms of J%USY

The effective prior results from conditioning on the measurement of My and then

and J J\%;UT are given in appendix A.
marginalizing over M. This yields

pesr.(tanp,...) = /p(M%, tan 3,... | CMSSM, M;®)dM3 (4.20)
= 2/5((1\4;"10)2 — M%) - p(M2%,tan 3, ... | CMSSM) dM%

= %p((MZXp)z,tan B,... | CMSSM)

1 1

= = Soneang B ... | CMSSM 4.21
Z 7CMSSM pp(ﬂZ7 ALYA | ), ( )

‘ ex:
M,

where pz = po(Mz = M;?) and Bzpuz = Bopo(Mz = M3 ™®) are the values of the high-
scale parameters that result for M, = MEXP, for the given value of tan 5 and all other model
parameters. The form of the effective prior is identical to that in the SM in eq. (3.10).
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It is worth noting that we do not develop any nontrivial, or misleading, behavior in the
effective prior according to our choice of EW parameters, {M%, tan 8}. This choice is not
unique; for instance, one could choose the VEVs {v1, v2} instead. In this case, the effective
prior would differ only by the additional non-singular Jacobian factor*

O(vy,v2) | _ v?

det ~
¢ O(M%, tan j3) 2m?,

(4.22)

where myz is the tree-level Z-boson mass.

In the NMSSM, the imposed Z3 symmetry forbids an explicit superpotential bilinear
term for Hy and H,, along with the corresponding soft-breaking parameter. We instead
make the trade

{)\g,no,m?go} — {/\,M%,tanﬂ}. (4.23)

After the intermediate step of exchanging GUT scale parameters for their low-energy
counterparts through RG running, we can make use of the three NMSSM EWSB con-
ditions to obtain the new set of input parameters. Note that exchanging Ag for A is
achieved solely by integrating the RGEs, so that at the EWSB scale we need only trade
{r,m%} — {M3%,tan 3}.

To do so, we first use the MSSM-like EWSB condition

=2 =2 2
my, — My, tan B 1

tan? 3 — 1

%M% = —pdg + Re %z, (4.24)
where the effective p-parameter, g, is defined in eq. (4.1), to express the effective u-
parameter in terms of M% and tan 5. Since in this approach we retain A\ as a free input
parameter, this has the effect of determining the singlet VEV, (S) = s/v/2, as a function
of M% and tan f3.
Second, we trade s for m?g via the EWSB condition,
v2

1
my = —k?s> — 5)\21)2 ar? + —sin2p

V2 2 (\/i

= v? 4+ v, and have absorbed the loop-corrections

+ Am) (4.25)

where we make the usual definition v2

from the Coleman-Weinberg potential into T‘n%. Finally, we make tan 8 an input parameter
by trading  for tan 8 via the second MSSM-like EWSB condition,

2B
sin28 = Gt R (4.26)

my, +mH +2uZy + 25

where we define an effective soft-breaking bilinear

Befr. preft. = 7 ( ax + Aﬁ) (4.27)

“In general, additional terms involving derivatives of the Z-boson self-energy are also present, but these

are numerically small and may be neglected here.
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Thus, ultimately, in our analysis m% plays the role of u? via an effective p-term and s
plays the role of Bu via an effective Bu-term. The final effective prior is defined in the
same way as in the CMSSM, i.e., it has the form

pest(tan 8\, ... ) = % jNMlsSM PO [NMSSM). (4.28)
zZ

The effective priors automatically disfavor fine-tuned regions of parameter space. In-
deed, from their explicit forms in appendix A, we see that the effective priors favor RG
evolution that results in weak-scale parameters similar in magnitude to the weak scale. The
region of parameter space in which this occurs is known as the “focus point” [140-142]. In
these regions of parameter space, the RG evolution of the soft masses is such that, at the
SUSY scale, m%{u ~ MZ% almost independently of the initial value of m%{u(MGUT) = m3.
In the CMSSM, the dependence of m%[u (mgusy) on the universal soft-breaking masses can

be quantified using semi-analytic solutions to the RGEs, which take the form

2 2 2
m?(msusy) = 2 (msusy)mg + Cf;%m(msusy)m% J2 a0 (Msusy)maja Ao

+ i (msusy) A3, (4.29)

for m? = m%[u, m%ld and where the coefficients cé(Q) depend only on the gauge and Yukawa

couplings. In the semi-constrained NMSSM the semi-analytic solutions instead take the
form

m?(msusy) = Cﬂg (msusy)mg + szso (msusy)m¥, + C%%Q (msusy)m? /2
+ C%T/QAO (msusy)mi /240 + CZT/QAA (msusy)mi/2Ax
+ C%i/QAn (msusy)mi o Ax + CTX(?AA (msusy)AoAx + CZLOQAN(mSUSY)AOAH
+ C%jAK (mgusy)AxA, + CZ%Q (msusy)A2 + czlg (msusy)A3
+ s (msusy) A2 (4.30)

2 2

— 2 2
for m* = Mg, My, Mg

4.3 Comparison to other fine-tuning measures

As discussed in section 2 and section 3, Bayesian methods automatically incorporate some
of the common intuitions relating to fine-tuning. It is therefore useful to compare the results
obtained in the Bayesian approach to other measures of tuning. The traditional sensitivity
measure defined in eq. (3.3) is one example. In addition to the ambiguities related to this
measure discussed in section 3, there is also no agreement as to how a collection of sensitivi-
ties {A,} should be calculated or combined to produce a tuning measure. For instance, it is
not necessarily clear whether the sensitivities should be summed, profiled, added in quadra-
ture, or combined in some other way, nor is there agreement on the renormalization scale
of the parameters with respect to which we differentiate Mz. For our purposes, we define

Apg = max A (4.31)
P

p‘MGUT7
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where A, is defined as in eq. (3.3) and the notation Ap‘ 0 indicates that the parameters
to differentiate with respect to are those defined at the scale @Q; here, this is taken to be
@) = McgurT, the scale of gauge coupling unification. In the CMSSM, we pick the maximum
from the measures for the parameters { Ao, mo,m; /2, o, Bopto}. In the NMSSM, on the
other hand, we consider {Ag, Ay, Ay, mo, m%o, M1 /2, Ao, Ko }-

The BGEN measure defined in eq. (4.31) identifies fine-tuning with sensitivity to small
parameter variations. Alternative naturalness measures have been proposed that instead
seek to quantify the size of any cancellations that must take place to reproduce the ob-
served EW scale. An example of this class of measures is the so-called electroweak fine-
tuning [143], which is defined as

Cil
m? /2

Apw = max (4.32)
The C; are the terms appearing in the expression for m% in the model (see eq. (4.16) and
eq. (4.24)), evaluated at the renormalization scale () = mgygy. The expressions for the C;
appropriate to each of the CMSSM and NMSSM are given in appendix B.

The measures in eq. (4.31) and eq. (4.32) are pointwise measures that can be compared
with the (marginalized) posterior densities obtained in a complete Bayesian analysis. Eval-
uating the latter in general involves calculating non-trivial evidence integrals over the full
model parameter space. However, even without carrying out the full computation, it can
be seen that doing so nevertheless involves a simple pointwise tuning measure involving the
Jacobian for the change of variables from parameters to observables. Regions of parameter
space for which this quantity is large are penalized by a factor of 1/ in evidence integrals;
that is, the effective prior in such regions is suppressed. This motivates the definition of
the tuning measures [86]

d1n O; [1; pj(Mcur)
A = ! = J M 4.
J‘MGUT 'detahlpj(MGUT) [T, O: T, (4.33)
dln O; [1; pj(msusy)
A = - = | Mo 4.34
J‘msUSY ' ¢ dInp;(msusy) L O; ijUSY (4.34)

The set {O;} contains the observables for which the parameters p; are traded in each
model, i.e., {M%, tan 8} in the CMSSM and {\, MZ, tan 8} in the NMSSM. The measures
in eq. (4.33) and eq. (4.34) differ in the scales at which the parameters p; are defined. The
first involves the parameters p; defined at Mgy, namely {po, Bopo} in the CMSSM and
{ Ao, Ko, m%ﬂ} in the NMSSM, and includes the effect of running from the GUT scale to low
energies. Eq. (4.34) only involves the trade from SUSY scale parameters to observables, so
that the set of p; is {u1, Bu} in the CMSSM and {\, k,m%} in the NMSSM. It can be seen
from the expressions in appendix A that the Jacobian factors J™ and j,%SUSY resemble
traditional [36, 49, 144-164] and alternative fine-tuning measures [140, 143, 165-177].

In the following, we will compare the results obtained using the framework of Bayesian
statistics with the fine-tuning measures defined above, and illustrate how the former can
encapsulate traditional notions of naturalness. To compare parameter inference with fine-
tuning measures and Bayesian statistics, in section 5 we compare “heat-maps” of fine-tuning
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measures with posterior densities. Because the fine-tuning measures are not densities, we
must compare them in a particular parameterization, and bear in mind that densities
are not invariant under reparameterizations (whereas the transformation of a fine-tuning
measure is ambiguous) and that densities are dimensionful (whereas fine-tuning measures
are dimensionless).

To compare model selection with fine-tuning measures and Bayesian statistics, in sec-
tion 5 we compare Bayes factors with ratios of fine-tuning measures. The fine-tuning
measure in supersymmetric models is roughly

2
m
A ~ —SUSY (4.35)
2
Mz
By comparing with eq. (3.17) we see that the evidence for a supersymmetric model (written
in terms of log Mz) may be crudely written as

p(log Mz | SUSY) ~ % (4.36)

The parametric behavior for m%USY > M% is identical. Thus, in this case, there is reason
to expect that fine-tuning measures and Bayes factors may result in similar conclusions.

4.4 Numerical methods

We computed statistical quantities — posterior densities and evidences — with MultiNest
v3.10 [178-180] and plotted them with SuperPlot [181]. For the evidence integration, we
modified the convergence criteria by defining the tolerance using the average likelihood of
the live points, instead of the maximum. We performed two scans for each model: one with
only Mz, and one with Mz and my, in the likelihood. We scanned 10 million and 100 million
points for each scan of the CMSSM and NMSSM, respectively. To calculate the likelihoods
and effective priors in each model, we computed the mass spectrum and Jacobian factors
for each parameter point using a modified version of SOFTSUSY-3.6.2. As described in
detail in appendix A, the required Jacobian is written as the product of the Jacobian
determinants for the change of variables from the GUT scale parameters to the low-energy
Lagrangian parameters, and for the transformation from these parameters to the derived
parameters M % and tan 8, so that J may be expressed as in eq. (4.19). The particular
derivatives required for the construction of 7, M

msusy
We implemented subroutines to evaluate these derivatives numerically in SOFTSUSY. In

and J J\]4MGUT are given in appendix A.

the case of J ]{)[/IGUT, this is achieved by varying the high-scale model parameters at Mgyt
and calculating the resulting values of the low-energy Lagrangian parameters using the
two-loop RGEs. In a similar fashion, to determine the derivatives appearing in jwj\zéusw we
vary the low-energy Lagrangian parameters and recalculate the predicted values of M% and
tan 5. The underlying changes in the VEVs are found by numerically solving the EWSB
conditions for v1, v9 and s after perturbing the model parameters. Two-loop RG evolution
of all the model parameters such as the soft-breaking gaugino masses, scalar masses and
trilinear terms is applied for the entire calculation. One-loop threshold corrections for the
gauge and Yukawa couplings are included.
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For each point in our scan, we also computed the measures of fine-tuning given in
eq. (4.31), eq. (4.32), eq. (4.33) and eq. (4.34). In the MSSM, we make use of the existing
implementation of the BGEN measure provided by SOFTSUSY to find Apg. As analogous
routines are not yet provided for the NMSSM in SOFTSUSY, we also implemented the neces-
sary numerical calculation of Agg in the NMSSM in our modified code. Derivatives of M%
are obtained numerically by perturbing the GUT scale model parameters and calculating
the predicted Z-boson pole mass, after running to the SUSY scale and solving the EWSB
conditions for the VEVs at two-loop order.

5 Results and discussion

In figure 2, we compare credible regions of the marginalized posterior probability density
conditioned upon My (left frames) with the profiled BGEN fine-tuning measure (right
frames) on the (mg, my/;) planes of the CMSSM (top frames) and NMSSM (bottom
frames). On the posterior density plots we show the smallest 1o (red) and 20 (blue)
credible regions, containing 68% and 95% of the posterior mass respectively. On the right
frames different colors trace constant contours of the profiled BGEN measure. According to
the posterior plots, most probability density (that is, most of the low tuned area) lies in the
weak scale valued mg and my /5 region. This not only confirms our qualitative expectations
in eq. (3.17), but also coincides with expectations for the scale of supersymmetry before
the LHC operation. As anticipated, the BGEN measure reflects the same expectations,
agreeing fairly well with the trend shown by the posterior probability. This is not a surprise
considering that the dominant term in this measure appears in the posterior after trading
the p parameter to the Z mass. While most of the low tuned area lies in the bulk region,
which was eliminated by the LHC, parts of the focus point also feature low tuning and are
still experimentally feasible. Low tuning in the focus point is prominently highlighted by
the 20 credible region of the posterior density, and supported by the BGEN measure.

The scatter plots in figure 2, and all other scatter plots, show points with appreciable
posterior weight. The density of points results from the posterior density and the nested
sampling algorithm. The CMSSM and NMSSM (myg, m;/5) planes feature a region with
no points at mo $ 100 GeV and m, 5 < 100 GeV. The CMSSM, furthermore, shows few
points at mq/, ~ 0 and mg ~ 250 GeV. Such regions are disallowed as they fail to realize
a physically sensible EWSB vacuum. This problem is particularly prevalent for large Ay
and tan 8. Such regions were, moreover, ruled out prior to the LHC by LEP searches for
supersymmetric particles and for the Higgs boson.

Foreshadowing our inclusion of the Higgs mass in the likelihood, in figure 3 we show
the lightest Higgs boson mass on the (mg, m;2) plane for the CMSSM (left) and NMSSM
(right). The color scale indicates Higgs masses from 90 GeV (red) to 130 GeV (green). We
see that low fine-tuned regions and credible regions of the (mq, m;/5) plane in figure 2
correspond to my < 100 GeV. A Higgs mass of mj;, ~ 125GeV requires large quantum
corrections from massive sparticles and thus multi-TeV soft-breaking masses. Such points
lie outside the credible regions of the posterior and are, by traditional measures, fine-tuned.
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Figure 2. Credible regions of marginalized posterior probability density conditioned upon My
(left) and profiled BGEN measure (right) for the CMSSM (upper) and NMSSM (lower) on the (my,
my 2) plane.

For completeness, we show the credible regions of the marginalized posterior density
and the BGEN measure on the (tan 3, Ap) plane in figure 4. The posterior and BGEN
measure agree with intuition before the LHC: Ay =~ 0, for which loop corrections to the
Higgs mass are small, is natural and most plausible. As was also known in the absence
of constraints on the Higgs mass, the credible regions suggest that naturalness issues are
largely independent of tan 8 in the CMSSM, while they might slightly prefer low tan g in
the NMSSM.

In light of our growing confidence in the posterior measuring fine-tuning, it is interest-
ing to see how it fares against the addition of the most relevant piece of new information
from the LHC: the lightest Higgs mass. This is shown in figure 5. Our first observation
is that the most plausible regions, indicated by the 1o and 20 credible regions, are dra-
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Figure 3. The lightest Higgs mass on the (mg, m;/2) plane for the CMSSM (left) and NMSSM
(right).

matically shifted to about two orders of magnitude higher mo and m;/, values. This is,
of course, the well-known quantitative conclusion from the LHC Run 1: supersymmetry is
effectively eliminated, i.e., relatively implausible, below 1 TeV. After folding in the lightest
Higgs mass the least fine-tuned regions lie in the focus point, signalled by the slanted 1o
region at large mg and m; /o for both the CMSSM and the NMSSM. In this region low
fine tuning is achieved with relatively small values of Ay (figure 6). In the vertical region
spanning between my/, ~ 0.1-1TeV A increases with decreasing my/,. This still allows
for acceptable fine-tuning in the CMSSM. Just as in the case when only Mz was included
in the likelihood, the BGEN measure confirms the picture painted by the posterior dis-
tribution. The former signals the narrow vertical region at mg ~ 10TeV and between
myp ~ 0.1 —1TeV as the least fine-tuned. This long vertical strip represents the focus
point solution, thus confirming that Bayesian naturalness does find a naturalness benefit
from focus point supersymmetry [140-142].

To gauge their consistency with each other, we compare the fine-tuning measures
defined in section 4.3 in the CMSSM in figure 7 and in the NMSSM in figure 8 on the (my,
my ;) planes. In each plot, parameters other than mg and m o, such as Ap and tan j3,
were chosen such that the fine-tuning measure was minimized. All fine-tuning measures
are qualitatively similar, with a region of low fine-tuning at mgysy ~ Mz, and fine-tuning
increases as mo and myp are increased, as expected. The Jacobian-based fine-tuning
measures, however, are substantially smaller than the traditional BGEN measure and EW
measure. We should not, however, be mislead into a superficial comparison of the measures.
The Jacobian based measures, A7, are volumes of multidimensional hypercubes, e.g., a
two-dimensional volume in the MSSM. The BGEN measure, Apg, on the other hand,
corresponds to the length of a line element and Agw measures the relative size of terms
contributing to M.
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Figure 4. Credible regions of the marginalized posterior probability density conditioned upon
Mz (left) and profiled BGEN measure (right) for the CMSSM (upper) and NMSSM (lower) on the
(tan 3, Ap) plane.

Requiring that myp ~ 125 GeV increases the fine-tuning measures in the CMSSM (fig-
ure 9) and NMSSM (figure 10), and further structure is revealed. We find diagonal strips
of low fine-tuning for Jacobian-based measures at about mg ~ 10TeV and m; 5 ~ 1TeV.
The GUT scale Jacobian measure furthermore exhibits a vertical strip of low fine-tuning
at mg ~ 10TeV. This indicates that the Jacobian based measure has a much sharper
preference for the focus point region than Apa. Note that this is the case even though we
have not included the top mass or top Yukawa coupling in the set of parameters for which
we take logarthmic derivatives for Agpg. The Jacobian based measures in the NMSSM are
also visibly smaller than those in the CMSSM.

We summarize the one-dimensional posterior for the dimensionful parameters in fig-
ure 11. We see that in the CMSSM and NMSSM with only My in the likelihood, the
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Figure 5. Credible regions of the marginalized posterior probability density conditioned upon Mz
and my, (left), and profiled BGEN measure (right) for the CMSSM (upper) and NMSSM (lower)
on the (mg, my/2) plane.

posterior favors mgusy < 1TeV. Once we consider Mz and my, however, we require
mgusy 2 4 TeV and TeV-scale soft-breaking parameters. It is, therefore, not surprising to
see no signature of supersymmetric particles until the current data set of the LHC in the
regard that our Higgs mass is 125 GeV.

As a byproduct of our investigations, we calculated the Bayes factor between the semi-
constrained NMSSM and CMSSM, though with appreciable uncertainty as in ref. [82]. The
Bayes factor measures the change in relative plausibility of two models in light of data. With
Mz only, our lower estimate of the Bayes factors favored the NMSSM by a factor of about 3,
whereas our upper estimate favored it by a factor of about 20. With Mz and my, our lower
estimate favored the CMSSM by a factor of about 3, whereas our upper estimate favored

the NMSSM by a factor of about 6. This agrees reasonably with a Bayes factor for different
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Figure 6. Credible regions of the marginalized posterior probability density conditioned upon My
and my, (left) and profiled BGEN measure (right) for the CMSSM (upper) and NMSSM (lower) on
the (tan 3, Ap) plane.

data calculated in ref. [82]. The lower estimates may be more accurate as they were found
by importance sampling; however, since there were significant differences between estimates
from importance sampling and ordinary summation, we present our results with caution,
and do not make a definitive model selection statement. To improve the accuracy of our
evidence estimates requires more computational resources, or, possibly, sampling techniques
which are more specialised for exploring the very strong degeneracies that can be induced
by the naturalness priors in scans constrained only by measurements of Mz and my,.

The minimum fine-tuning measures found in our scan are shown in table 3. For both
the CMSSM and NMSSM, we found minimum fine-tuning measures of about zero for our
measures based upon the Jacobian; about 0.3 for EW fine-tuning; and about 0.1 for BGEN
fine-tuning. If we require that my ~ 125 GeV, all fine-tuning measures increase, though in
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Figure 7. Comparison of fine-tuning measures in the CMSSM on the (mg, m1/2) plane. For their
definitions, see section 4.3.

this case the Jacobian-based measures and Apg in the NMSSM are substantially less than
those in the CMSSM. The EW measure, Agyw, is very similar in each model. To avoid
confusion, it should be stressed again that the numbers are to be compared or interpreted
considering the dimensionality or the physical meaning of each measure.

6 Conclusions
After introducing fine-tuning in the context of Bayesian statistics with the Standard Model
as an example, we presented a comprehensive analysis of fine-tuning in a minimal and next-

to-minimal supersymmetric model. Results of a Bayesian analysis were contrasted with
traditional fine-tuning measures, for parameter inference and, briefly, for model selection.
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Figure 8. Comparison of fine-tuning measures in the NMSSM on the (mg, m1/2) plane. For their
definitions, see section 4.3.

My Mz and my, =~ 125 GeV
CMSSM  NMSSM CMSSM  NMSSM
A7l veer  3%1077 2x 10710 0.004 8 x 1077

Ayl 6x1077 2x107'°  0.005 8 x 1077
msusy

Agpw 0.3 0.3 48.7 47.4

Apg 0.1 0.2 451.9 133.2

Table 3. Minimum fine-tuning measures (defined in section 4.3) found in our scans with only My
in the likelihood and with the requirement that m;, ~ 125 GeV.
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Figure 9. Comparison of fine-tuning measures in the CMSSM with my, &~ 125 GeV on the (my,
my 2) plane. For their definitions, see section 4.3.

For parameter inference, conditioning upon only My we found qualitative agreement
between regions favored by the posterior density and regions of low fine-tuning, as mea-
sured by, e.g., the BGEN measure. Weak-scale soft-breaking masses, i.e., mgysy ~ Mz,
were favored in a Bayesian analysis, in agreement with heuristic arguments from natural-
ness. This provided numerical support for our argument, made in the introduction, that
naturalness arguments are underpinned by Bayesian statistics. Adding LHC measurements
of the Higgs mass to our likelihood pushed the posterior for the soft-breaking masses into
a multi-TeV region, as expected. This study completes our preliminary work [86] and our
argument that Bayesian statistics is the correct framework for understanding fine-tuning
and naturalness in supersymmetric models.
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Figure 10. Comparison of fine-tuning measures in the NMSSM with mj =~ 125 GeV on the (mq,
my 2) plane. For their definitions, see section 4.3.
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and my, (right) in the likelihood.

A CMSSM and NMSSM Jacobians

In this appendix we present analytic expressions for the Jacobians that appear in the

effective priors as discussed in section 4.2.1.
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A.1 CMSSM Jacobian

In the CMSSM, the relevant Jacobian arises from making the change of variables

{l110l. Bopo} — {M3, tan 5}, (A.1)

By performing this trade in two steps, namely, by first exchanging the high-scale values
of the Lagrangian parameters for their values at the EW scale, and subsequently trading
these for the parameters M % and tan 3, the full Jacobian factorizes,

CMSSM _ +CMSSM .~CMSSM
J :ijUSY jMGUT ) (A-Q)

where the Jacobian determinants on the right-hand side arise from this series of variable
changes, i.e., {|uol, Bopo} — {|u|,Bu} — {M%,tan B}. The various prior probability
density functions are related by

p(po, Bopo, - - | CMSSM) = FipooMp(p, B, ... | CMSSM) (A.3)
= T ISSM g EMSSM (MG, tan B, . .. | CMSSM). (A.4)

The elements of the two Jacobian matrices that are required read

o ou oMZ  oMZ
CMSSM _ | duo @Bopo CMSSM __ dn  9Bu
JMGUT (aB,u dBu |’ JWSUSY dtan8 dtanf |’ (A.5)
Opo  OBopio op OBu
: CMSSM __ CMSSM CMSSM __ CMSSM
with Jpzioo = [det Jyp "M and Jppooo0 = [det Jy g

The construction of the Jacobian matrices requires evaluating derivatives of the func-
tions that implement the changes of variables from the initial high-scale parameters to
the EW parameters. The first of these trades, {|uo|, Bopo} — {|u|, By}, is achieved by
integrating the two-loop RGEs from the GUT scale to the SUSY scale. The dependence of
¢ and Bpu on the CMSSM parameters defined at Mgyt can be explicitly expressed using
semi-analytic solutions to the RGEs, with the result that

p(msusy) = ¢, (msusy) Ko, (A.6)

B B
Bu(msusy) = gl (msusy) Boko + oty (msusy)ioma s + ¢, (msusy)poAo. (A7)

The elements of J](\j/[ggiM can immediately be read from these expressions. The dimension-
less coefficients ¢; depend only on the running of the gauge and Yukawa couplings; however,
in the absence of exact analytic solutions to the two-loop RGEs they must be evaluated by
numerical integration of the RGEs.

As noted in section 4.2.1, the subsequent change of variables from {u, Bu} to
{MZ%,tan 8} is done by solving the EWSB conditions to write the former pair as func-
tions of M % and tan 8. In the MSSM, the requirement that the neutral scalar Higgs fields

acquire VEVs of the form given in eq. (4.15) leads to the two EWSB conditions,

=2

(W + iy, o1 + (0 = 03)or — Bpuvy — t1 = 0, (A8)
=2
(1 +miy, Jva — %(v% —v3)vg — Buvy —tg = 0, (A.9)
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where
8AV2\£SSM 8AV;}¥£SSM

81)1 ’ 81)2

contain the one- and two-loop corrections to the Coleman-Weinberg potential in the MSSM.
Eq. (A.8) and eq. (A.9) define the VEVs v and v9 implicitly in terms of x and By, allowing
the required derivatives to be written in the form?®

vy b(P)
(““ al?) (;zv) - ( ép)> (A.11)
a1 a2 3%,2 b,

for p = p, Bu. The coefficients appearing on the left-hand side of eq. (A.11) are given by

t = 9= (A.10)

(assuming p to be real)

2 2, T a2 oy Ot A
G/ll:de+/l/ +§(3U1—U2)—87U1, ( 12)
g ot
a1g = as1 = —Bu — gzvlvg — 8—@;, (A.13)
=2
g Oto
a22 :m%Iu%—uQ—g(v%—?w%)—a—w, (A.14)
while the derivatives of the EWSB conditions with respect to the Lagrangian parameters
read
oty Oty
bgu) = —2pvy + B b;u) = —2pv2 + o’ (A.15)
oty B Oty
P = vy + L biPH — . A.16
LT gy 2 =T BBy (4.16)

The elements of the Jacobian matrix J,,C]g/{f’siM are then related to the solution of eq. (A.11)

through

oM?% _ v B OReH:gZ vy n G°vo B 8ReH§Z vy

Op 2 ouy Op 2 Oy Op
B 6ReH§Z87M B ORellL, 0Bu
op  Op OBp  Op’

Lo nadu Al
Op v Op  v¥ Op’ (A.18)

(A.17)

for each of p = u, Bu. In arriving at eq. (A.17), we approximate the solution of

M3 =m3 — Rellz,(p* = M3)

5 Although it is possible to solve the EWSB conditions explicitly for the VEVs in the MSSM at tree-level,
once higher-order corrections are also included this is no longer the case. It is then more straightforward
to utilize the EWSB conditions in the form of eq. (A.8) and eq. (A.9) instead. This approach is also more
appropriate when we consider the NMSSM, where it is not possible to solve the EWSB conditions explicitly,
even at tree-level.
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for My by evaluating the Z-boson self-energy at the external momentum
p? = m% = g*(v} + v3)/4. Although it is possible to evaluate the above deriva-
tives completely analytically, the resulting expressions are quite long and unwieldy. As
described in section 4.4, for the results presented here we have instead computed these

derivatives numerically using SOFTSUSY.

A.2 NMSSM Jacobian

The calculation of the Jacobian in the NMSSM proceeds in a similar fashion to the approach
used in the CMSSM. As mentioned in section 4.2.1, in this model we trade the GUT scale
parameters \g, kg, and m%o for the low-energy parameters M%, tan 8 and A. An initial
exchange of parameters defined at the GUT scale for their low-energy counterparts, i.e., A,
K, and m%, generates a factor of JNMSSM = | det JﬁggﬁM[, where the Jacobian matrix has

Mgur
the form
0N OA _0A
OXo  Oko Om?
0
NMSSM _ | Ok 09k _O0Ok
JMGUT - OXo  Oko 8m2so : (A‘lg)

om% Om? Om?%
OXo  Oko 8m2so

The elements in the last column of this matrix are easily seen to be given by

o\ Ok oOm?2 m2
0 - 0 —, S =c éz (msusy),

2 = 2
om 4 om 4

where the last expression contains the coefficient of m%o in the semi-analytic solution for
m%, eq. (4.30). Unlike in the case of the CMSSM, the dependence of the low-energy
parameters on A\g and kg cannot be given explicitly, and these derivatives, along with the

2
coeflicient CZQS , must be evaluated numerically.
So
The Jacobian matrix associated with the second change of variables, {A, ﬁ,m%} —

{\, M2, tan B}, reads

oMZ  oMZ 0
Ok 8m%

NMSSM _ | dtan3 Otanp

Tty = | Zgml amlo (A.20)
0 0 1

where it should be noted that, since A remains an input parameter, it is taken to be the
jNMSSM —
msusy -

, when combined with 7, ﬁg/{USTSM, yields the full Jacobian appearing in the

case that M% and tan 8 are independent of A\. The determinant of this matrix,

NMSSM
| det Tngiey

effective priors in the NMSSM,

NMSSM __ NMSSM +NMSSM
J - ijUSY jMGUT (A'21)

The derivatives of M% and tan S can once again be expressed in terms of derivatives of the
Higgs and singlet VEVs, v, v and s. Eq. (A.18) continues to hold in the NMSSM, with
P = K, m?g, while the dependence on the additional singlet VEV leads to an expression of
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the form

6M% (921)1 6ReHZZ) vy i <92U2 8ReHZZ) Ovy 8RGH§Z%
Ip

—\ 2 Ay op 2 vy op ds  Op
8Re HZZ oK 8ReH§Z 8m%

ok Op 8m% Op

(A.22)

for the required derivatives of M%
Analytic formulas for the derivatives of the VEVs are most conveniently obtained from
the three EWSB conditions,

A2s2 Nv2vy P SU9 )\
<m%{d + 2) v+ 22 + g(v% — v3)vy — 2 ( \[> t1 =0, (A.23)
252 A2v209 §2 svU1 /\
<m§{u + N > v2 + 21 ey (v? — v3)vg — —f ( \[) ts = 0, (A.24)
A2 (v? + v2) Q5>
2 1 2 2.3 K
me + ————=-| s+ K"s” + — Vv + Aks | —t3 =0, A.25
[ ° 2 } vz (f ) 3 (A.25)

where we take there to be no additional sources of CP-violation, and write the one- and

two-loop corrections to the effective potential as

A NMSSM AvNMSSM A NMSSM
t1 = —78 Veﬂ' s to = —78 eff. s t3 = —78 VGH' . (A.QG)
ovy Ova O0s

The quantities dv1/dp, dve/Op and 0s/Op are then once again obtained by solving a linear
system of the form

vy ()
op Y1

X |9 = g | (A.27)
%; y:())p)

The elements of the 3 x 3 matrix X are easily found to be given by

2 22 o Faa 2y Oh
T11 :de—i-?(S +U2)+§(3U1 _U2)_87f01’ (A28)
-2
g s AKS oty
Tig =291 = (N2 — 2 ) vjvg — — a—|—>—, A.29
12 21 < 4> 102 \/§< A N vy ( )
t
T13 = T31 = /\28111 — %(CL}\ + \/5/\%8) — 8881’ (ASO)
A2 §2 Ot
To9 = m%;[u + ?(82 + U%) — g(?)% — 3?./3) — 87’[)2’ (A31)
ot
T3 = T3 = )\281}2 — 7\1}%((1)\ + \/5)\/‘%5) — 7{932’ (A32)
2 X2 2 2 2.2 ots
T33 = mg + ?(vl + v3) + k252 + V20,5 — Nkvivg — Ds (A.33)
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Similarly, the derivatives of the EWSB conditions with respect to x and m% appearing on
the right-hand side of eq. (A.27) are simply®

2 2
(k) _ As“v2 Oty (x) _ AsTv1 | Oy ) _ o .3 oty
Y= 5 + e Yo = = 5 + EPR Yy = —2Ks” + Avjvas + o (A.34)
(mg) _ Ol (m3) _ Oty m2) ., Ol A
Y1 = 8m%7 Ya = 8m%7 Ys =—-s+ Tm%, (A.35)

B EW fine-tuning contributions

The tuning measure Agw defined in eq. (4.32) in section 4.3 quantifies the competition
between the terms contributing to the EWSB condition determining myz. The C; are given
by the absolute values of the terms entering into the prediction of my in the model, i.e., the
terms on the right-hand side of eq. (4.16) or eq. (4.24), excluding the self-energy correction.
In the MSSM we consider the coefficients

2 2 2
m m4,; tan® 3
C - — 2, C = i’ C — _H“‘77
K a He = a2 — 1 Hu tan?2 3 — 1 (B.1)
t to tan? g '
Cy, = Cy, =

Cv(tan2 B — 1) vo(tan? 8 — 1)

Here the quantities ¢; and ¢y are the Coleman-Weinberg contributions defined in eq. (A.10)
and previously absorbed into quu’d in section 4.3. The coefficients considered in the
NMSSM are similar, with the only differences being that u — peg. and t1, to are instead
given by eq. (A.26).

Separating the Coleman-Weinberg pieces allows to see how the loop corrections in
the Higgs potential cancel the tree level parameters delicately. The ideal case would be
|C;| ~ O(m?%), while reality pushes them to much larger values. In the case of large tan 3,

the prediction for my is well approximated by

m ~ —u?eﬁc') - m%[u, (B.2)

DN |

so that C,,, Cy, and Cj, play the most important roles in the determining Agw.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.

References
[1] PARTICLE DATA GROUP collaboration, K.A. Olive et al., Review of particle physics, Chin.
Phys. C 38 (2014) 090001 [xSPIRE].

[2] CMS collaboration, Observation of a new boson at a mass of 125 GeV with the CMS
experiment at the LHC, Phys. Lett. B 716 (2012) 30 [arXiv:1207.7235] [INSPIRE].

SNote that we allow a, to vary independently of .

~32 -


https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1088/1674-1137/38/9/090001
https://doi.org/10.1088/1674-1137/38/9/090001
https://inspirehep.net/search?p=find+J+%22Chin.Phys.,C38,090001%22
https://doi.org/10.1016/j.physletb.2012.08.021
https://arxiv.org/abs/1207.7235
https://inspirehep.net/search?p=find+EPRINT+arXiv:1207.7235

3]

[15]

[16]

ATLAS collaboration, Observation of a new particle in the search for the Standard Model
Higgs boson with the ATLAS detector at the LHC, Phys. Lett. B 716 (2012) 1
[arXiv:1207.7214] [INSPIRE].

R. Barbieri and G.F. Giudice, Upper bounds on supersymmetric particle masses, Nucl.

Phys. B 306 (1988) 63 [INSPIRE].

J.R. Ellis, K. Enqvist, D.V. Nanopoulos and F. Zwirner, Observables in low-energy
superstring models, Mod. Phys. Lett. A 1 (1986) 57 [INSPIRE].

E. Witten, Dynamical breaking of supersymmetry, Nucl. Phys. B 188 (1981) 513 [INSPIRE].

S. Weinberg, Implications of dynamical symmetry breaking, Phys. Rev. D 13 (1976) 974
[Addendum ibid. D 19 (1979) 1277] [INSPIRE].

S. Weinberg, Implications of dynamical symmetry breaking, Phys. Rev. D 13 (1976) 974
[INSPIRE].

L. Susskind, Dynamics of spontaneous symmetry breaking in the Weinberg-Salam theory,
Phys. Rev. D 20 (1979) 2619 [inSPIRE].

E. Gildener, Gauge symmetry hierarchies, Phys. Rev. D 14 (1976) 1667 [INSPIRE].

P. Draper, P. Meade, M. Reece and D. Shih, Implications of a 125 GeV Higgs for the MSSM
and low-scale SUSY breaking, Phys. Rev. D 85 (2012) 095007 [arXiv:1112.3068] [INSPIRE].

S. Akula, B. Altunkaynak, D. Feldman, P. Nath and G. Peim, Higgs boson mass predictions
in SUGRA wunification, recent LHC-T results and dark matter, Phys. Rev. D 85 (2012)
075001 [arXiv:1112.3645] [INSPIRE].

A. Fowlie et al., The CMSSM favoring new territories: the impact of new LHC limits and a
125 GeV Higgs, Phys. Rev. D 86 (2012) 075010 [arXiv:1206.0264] INSPIRE].

M. Kadastik, K. Kannike, A. Racioppi and M. Raidal, Implications of the 125 GeV Higgs
boson for scalar dark matter and for the CMSSM phenomenology, JHEP 05 (2012) 061
[arXiv:1112.3647] [NSPIRE].

O. Buchmueller et al., Higgs and supersymmetry, Eur. Phys. J. C 72 (2012) 2020
[arXiv:1112.3564] [INSPIRE].

J. Cao, Z. Heng, D. Li and J.M. Yang, Current experimental constraints on the lightest
Higgs boson mass in the constrained MSSM, Phys. Lett. B 710 (2012) 665
[arXiv:1112.4391] [NSPIRE].

P. Draper, G. Lee and C.E.M. Wagner, Precise estimates of the Higgs mass in heavy
supersymmetry, Phys. Rev. D 89 (2014) 055023 [arXiv:1312.5743] [InSPIRE].

E. Bagnaschi, G.F. Giudice, P. Slavich and A. Strumia, Higgs mass and unnatural
supersymmetry, JHEP 09 (2014) 092 [arXiv:1407.4081] nSPIRE].

J. Pardo Vega and G. Villadoro, SusyHD: Higgs mass determination in supersymmetry,
JHEP 07 (2015) 159 [arXiv:1504.05200] [iNSPIRE].

H. Bahl and W. Hollik, Precise prediction for the light MSSM Higgs boson mass combining
effective field theory and fixed-order calculations, Eur. Phys. J. C 76 (2016) 499
[arXiv:1608.01880] [INSPIRE].

P. Athron, J.-H. Park, T. Steudtner, D. Stockinger and A. Voigt, Precise Higgs mass
calculations in (non-)minimal supersymmetry at both high and low scales, JHEP 01 (2017)
079 [arXiv:1609.00371] [NSPIRE].

— 33 —


https://doi.org/10.1016/j.physletb.2012.08.020
https://arxiv.org/abs/1207.7214
https://inspirehep.net/search?p=find+EPRINT+arXiv:1207.7214
https://doi.org/10.1016/0550-3213(88)90171-X
https://doi.org/10.1016/0550-3213(88)90171-X
https://inspirehep.net/search?p=find+J+%22Nucl.Phys.,B306,63%22
https://doi.org/10.1142/S0217732386000105
https://inspirehep.net/search?p=find+J+%22Mod.Phys.Lett.,A1,57%22
https://doi.org/10.1016/0550-3213(81)90006-7
https://inspirehep.net/search?p=find+J+%22Nucl.Phys.,B188,513%22
https://doi.org/10.1103/PhysRevD.13.974
https://doi.org/10.1103/PhysRevD.19.1277
https://inspirehep.net/search?p=find+J+%22Phys.Rev.,D13,974%22
https://doi.org/10.1103/PhysRevD.19.1277
https://inspirehep.net/search?p=find+J+%22Phys.Rev.,D19,1277%22
https://doi.org/10.1103/PhysRevD.20.2619
https://inspirehep.net/search?p=find+J+%22Phys.Rev.,D20,2619%22
https://doi.org/10.1103/PhysRevD.14.1667
https://inspirehep.net/search?p=find+J+%22Phys.Rev.,D14,1667%22
https://doi.org/10.1103/PhysRevD.85.095007
https://arxiv.org/abs/1112.3068
https://inspirehep.net/search?p=find+EPRINT+arXiv:1112.3068
https://doi.org/10.1103/PhysRevD.85.075001
https://doi.org/10.1103/PhysRevD.85.075001
https://arxiv.org/abs/1112.3645
https://inspirehep.net/search?p=find+EPRINT+arXiv:1112.3645
https://doi.org/10.1103/PhysRevD.86.075010
https://arxiv.org/abs/1206.0264
https://inspirehep.net/search?p=find+EPRINT+arXiv:1206.0264
https://doi.org/10.1007/JHEP05(2012)061
https://arxiv.org/abs/1112.3647
https://inspirehep.net/search?p=find+EPRINT+arXiv:1112.3647
https://doi.org/10.1140/epjc/s10052-012-2020-3
https://arxiv.org/abs/1112.3564
https://inspirehep.net/search?p=find+EPRINT+arXiv:1112.3564
https://doi.org/10.1016/j.physletb.2012.03.052
https://arxiv.org/abs/1112.4391
https://inspirehep.net/search?p=find+EPRINT+arXiv:1112.4391
https://doi.org/10.1103/PhysRevD.89.055023
https://arxiv.org/abs/1312.5743
https://inspirehep.net/search?p=find+EPRINT+arXiv:1312.5743
https://doi.org/10.1007/JHEP09(2014)092
https://arxiv.org/abs/1407.4081
https://inspirehep.net/search?p=find+EPRINT+arXiv:1407.4081
https://doi.org/10.1007/JHEP07(2015)159
https://arxiv.org/abs/1504.05200
https://inspirehep.net/search?p=find+EPRINT+arXiv:1504.05200
https://doi.org/10.1140/epjc/s10052-016-4354-8
https://arxiv.org/abs/1608.01880
https://inspirehep.net/search?p=find+EPRINT+arXiv:1608.01880
https://doi.org/10.1007/JHEP01(2017)079
https://doi.org/10.1007/JHEP01(2017)079
https://arxiv.org/abs/1609.00371
https://inspirehep.net/search?p=find+EPRINT+arXiv:1609.00371

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

H. Bahl, S. Heinemeyer, W. Hollik and G. Weiglein, Reconciling EFT and hybrid
calculations of the light MSSM Higgs-boson mass, arXiv:1706.00346 [INSPIRE].

R.V. Harlander, J. Klappert and A. Voigt, Higgs mass prediction in the MSSM at three-loop
level in a pure DR context, arXiv:1708.05720 [INSPIRE].

P. Fayet, Supergauge invariant extension of the Higgs mechanism and a model for the
electron and its neutrino, Nucl. Phys. B 90 (1975) 104 [InSPIRE].

P. Fayet, Supersymmetry and weak, electromagnetic and strong interactions, Phys. Lett. B
64 (1976) 159 [INSPIRE].

P. Fayet, Spontaneously broken supersymmetric theories of weak, electromagnetic and strong
interactions, Phys. Lett. B 69 (1977) 489 [INSPIRE].

H.P. Nilles, M. Srednicki and D. Wyler, Weak interaction breakdown induced by
supergravity, Phys. Lett. B 120 (1983) 346 [INSPIRE].

J.M. Frere, D.R.T. Jones and S. Raby, Fermion masses and induction of the weak scale by
supergravity, Nucl. Phys. B 222 (1983) 11 [INSPIRE].

J.P. Derendinger and C.A. Savoy, Quantum effects and SU(2) x U(1) breaking in
supergravity gauge theories, Nucl. Phys. B 237 (1984) 307 [INSPIRE].

A 1. Veselov, M.I. Vysotsky and K.A. Ter-Martirosian, Low-energy supergravity and the light
t quark, Sov. Phys. JETP 63 (1986) 489 [Zh. Eksp. Teor. Fiz. 90 (1986) 838] [INSPIRE].

J.R. Ellis, J.F. Gunion, H.E. Haber, L. Roszkowski and F. Zwirner, Higgs bosons in a
nonminimal supersymmetric model, Phys. Rev. D 39 (1989) 844 [InSPIRE].

M. Drees, Supersymmetric models with extended Higgs sector, Int. J. Mod. Phys. A 4
(1989) 3635 [INSPIRE].

M. Maniatis, The next-to-minimal supersymmetric extension of the Standard Model
reviewed, Int. J. Mod. Phys. A 25 (2010) 3505 [arXiv:0906.0777| [INSPIRE].

U. Ellwanger, C. Hugonie and A.M. Teixeira, The nezt-to-minimal supersymmetric
Standard Model, Phys. Rept. 496 (2010) 1 [arXiv:0910.1785] [INSPIRE].

M. Bastero-Gil, C. Hugonie, S.F. King, D.P. Roy and S. Vempati, Does LEP prefer the
NMSSM?, Phys. Lett. B 489 (2000) 359 [hep-ph/0006198] [INSPIRE].

R. Dermisek and J.F. Gunion, Fscaping the large fine tuning and little hierarchy problems
in the next to minimal supersymmetric model and h — aa decays, Phys. Rev. Lett. 95
(2005) 041801 [hep-ph/0502105] [INSPIRE].

U. Ellwanger, G. Espitalier-Noel and C. Hugonie, Naturalness and fine tuning in the
NMSSM: implications of early LHC results, JHEP 09 (2011) 105 [arXiv:1107.2472]
[INSPIRE].

S.F. King, M. Mubhlleitner and R. Nevzorov, NMSSM Higgs benchmarks near 125 GeV,
Nucl. Phys. B 860 (2012) 207 [arXiv:1201.2671] [InSPIRE].

Z. Kang, J. Li and T. Li, On naturalness of the MSSM and NMSSM, JHEP 11 (2012) 024
[arXiv:1201.5305] [INSPIRE].

J.F. Gunion, Y. Jiang and S. Kraml, The constrained NMSSM and Higgs near 125 GeV,
Phys. Lett. B 710 (2012) 454 [arXiv:1201.0982] [NSPIRE].

— 34 —


https://arxiv.org/abs/1706.00346
https://inspirehep.net/search?p=find+EPRINT+arXiv:1706.00346
https://arxiv.org/abs/1708.05720
https://inspirehep.net/search?p=find+EPRINT+arXiv:1708.05720
https://doi.org/10.1016/0550-3213(75)90636-7
https://inspirehep.net/search?p=find+J+%22Nucl.Phys.,B90,104%22
https://doi.org/10.1016/0370-2693(76)90319-1
https://doi.org/10.1016/0370-2693(76)90319-1
https://inspirehep.net/search?p=find+J+%22Phys.Lett.,B64,159%22
https://doi.org/10.1016/0370-2693(77)90852-8
https://inspirehep.net/search?p=find+J+%22Phys.Lett.,B69,489%22
https://doi.org/10.1016/0370-2693(83)90460-4
https://inspirehep.net/search?p=find+J+%22Phys.Lett.,B120,346%22
https://doi.org/10.1016/0550-3213(83)90606-5
https://inspirehep.net/search?p=find+J+%22Nucl.Phys.,B222,11%22
https://doi.org/10.1016/0550-3213(84)90162-7
https://inspirehep.net/search?p=find+J+%22Nucl.Phys.,B237,307%22
https://inspirehep.net/search?p=find+J+%22Sov.Phys.JETP,63,489%22
https://doi.org/10.1103/PhysRevD.39.844
https://inspirehep.net/search?p=find+J+%22Phys.Rev.,D39,844%22
https://doi.org/10.1142/S0217751X89001448
https://doi.org/10.1142/S0217751X89001448
https://inspirehep.net/search?p=find+J+%22Int.J.Mod.Phys.,A4,3635%22
https://doi.org/10.1142/S0217751X10049827
https://arxiv.org/abs/0906.0777
https://inspirehep.net/search?p=find+EPRINT+arXiv:0906.0777
https://doi.org/10.1016/j.physrep.2010.07.001
https://arxiv.org/abs/0910.1785
https://inspirehep.net/search?p=find+EPRINT+arXiv:0910.1785
https://doi.org/10.1016/S0370-2693(00)00930-8
https://arxiv.org/abs/hep-ph/0006198
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0006198
https://doi.org/10.1103/PhysRevLett.95.041801
https://doi.org/10.1103/PhysRevLett.95.041801
https://arxiv.org/abs/hep-ph/0502105
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0502105
https://doi.org/10.1007/JHEP09(2011)105
https://arxiv.org/abs/1107.2472
https://inspirehep.net/search?p=find+EPRINT+arXiv:1107.2472
https://doi.org/10.1016/j.nuclphysb.2012.02.010
https://arxiv.org/abs/1201.2671
https://inspirehep.net/search?p=find+EPRINT+arXiv:1201.2671
https://doi.org/10.1007/JHEP11(2012)024
https://arxiv.org/abs/1201.5305
https://inspirehep.net/search?p=find+EPRINT+arXiv:1201.5305
https://doi.org/10.1016/j.physletb.2012.03.027
https://arxiv.org/abs/1201.0982
https://inspirehep.net/search?p=find+EPRINT+arXiv:1201.0982

[41]

[42]

J.-J. Cao, Z.-X. Heng, J.M. Yang, Y.-M. Zhang and J.-Y. Zhu, A SM-like Higgs near
125 GeV in low energy SUSY: a comparative study for MSSM and NMSSM, JHEP 03
(2012) 086 [arXiv:1202.5821] [INSPIRE].

U. Ellwanger and C. Hugonie, Higgs bosons near 125 GeV in the NMSSM with constraints at
the GUT scale, Adv. High Energy Phys. 2012 (2012) 625389 [arXiv:1203.5048] [INSPIRE].

S.F. King, M. Miihlleitner, R. Nevzorov and K. Walz, Natural NMSSM Higgs bosons, Nucl.
Phys. B 870 (2013) 323 [arXiv:1211.5074] InSPIRE].

T. Gherghetta, B. von Harling, A.D. Medina and M.A. Schmidt, The scale-invariant
NMSSM and the 126 GeV Higgs boson, JHEP 02 (2013) 032 [arXiv:1212.5243] [INSPIRE].

T. Li, J.A. Maxin, D.V. Nanopoulos and J.W. Walker, A Higgs mass shift to 125 GeV and
a multi-jet supersymmetry signal: miracle of the flippons at the \/s =7 TeV LHC, Phys.
Lett. B 710 (2012) 207 [arXiv:1112.3024] [INSPIRE].

T. Moroi, R. Sato and T.T. Yanagida, Fxtra matters decree the relatively heavy Higgs of
mass about 125 GeV in the supersymmetric model, Phys. Lett. B 709 (2012) 218
[arXiv:1112.3142] [INSPIRE].

B. Kyae and J.-C. Park, Hidden sector assisted 125 GeV Higgs, Phys. Rev. D 86 (2012)
031701 [arXiv:1203.1656] [INSPIRE].

F. Boudjema and G. Drieu La Rochelle, Beyond the MSSM Higgs bosons at 125 GeV, Phys.
Rev. D 86 (2012) 015018 [arXiv:1203.3141] [INSPIRE].

T. Basak and S. Mohanty, Triplet-singlet extension of the MSSM with a 125 GeV Higgs and
dark matter, Phys. Rev. D 86 (2012) 075031 [arXiv:1204.6592] INSPIRE].

P. Athron, S.F. King, D.J. Miller, S. Moretti and R. Nevzorov, Constrained exceptional
supersymmetric Standard Model with a Higgs near 125 GeV, Phys. Rev. D 86 (2012)
095003 [arXiv:1206.5028] [INSPIRE].

K. Benakli, M.D. Goodsell and F. Staub, Dirac gauginos and the 125 GeV Higgs, JHEP 06
(2013) 073 [arXiv:1211.0552] [INnSPIRE].

H. An, T. Liu and L.-T. Wang, 125 GeV Higgs boson, enhanced di-photon rate and gauged
U(1) pg-extended MSSM, Phys. Rev. D 86 (2012) 075030 [arXiv:1207.2473] InSPIRE].

B. Kyae and J.-C. Park, A singlet-extension of the MSSM for 125 GeV Higgs with the least
tuning, Phys. Rev. D 87 (2013) 075021 [arXiv:1207.3126] [INSPIRE].

K.J. Bae, T.H. Jung and H.D. Kim, 125 GeV Higgs boson as a pseudo-Goldstone boson in
supersymmetry with vectorlike matters, Phys. Rev. D 87 (2013) 015014 [arXiv:1208.3748]
[INSPIRE].

G. Bhattacharyya and T.S. Ray, Pushing the SUSY Higgs mass towards 125 GeV with a
color adjoint, Phys. Rev. D 87 (2013) 015017 [arXiv:1210.0594] InSPIRE].

N. Craig and A. Katz, A supersymmetric Higgs sector with chiral D-terms, JHEP 05 (2013)
015 [arXiv:1212.2635] [INSPIRE].

L. Basso, Minimal Z' models and the 125 GeV Higgs boson, Phys. Lett. B 725 (2013) 322
[arXiv:1303.1084] [NSPIRE].

N. Maru and N. Okada, Diphoton decay excess and 125 GeV Higgs boson in gauge-Higgs
unification, Phys. Rev. D 87 (2013) 095019 [arXiv:1303.5810] [INSPIRE].

— 35 —


https://doi.org/10.1007/JHEP03(2012)086
https://doi.org/10.1007/JHEP03(2012)086
https://arxiv.org/abs/1202.5821
https://inspirehep.net/search?p=find+EPRINT+arXiv:1202.5821
https://doi.org/10.1155/2012/625389
https://arxiv.org/abs/1203.5048
https://inspirehep.net/search?p=find+EPRINT+arXiv:1203.5048
https://doi.org/10.1016/j.nuclphysb.2013.01.020
https://doi.org/10.1016/j.nuclphysb.2013.01.020
https://arxiv.org/abs/1211.5074
https://inspirehep.net/search?p=find+EPRINT+arXiv:1211.5074
https://doi.org/10.1007/JHEP02(2013)032
https://arxiv.org/abs/1212.5243
https://inspirehep.net/search?p=find+EPRINT+arXiv:1212.5243
https://doi.org/10.1016/j.physletb.2012.02.086
https://doi.org/10.1016/j.physletb.2012.02.086
https://arxiv.org/abs/1112.3024
https://inspirehep.net/search?p=find+EPRINT+arXiv:1112.3024
https://doi.org/10.1016/j.physletb.2012.02.012
https://arxiv.org/abs/1112.3142
https://inspirehep.net/search?p=find+EPRINT+arXiv:1112.3142
https://doi.org/10.1103/PhysRevD.86.031701
https://doi.org/10.1103/PhysRevD.86.031701
https://arxiv.org/abs/1203.1656
https://inspirehep.net/search?p=find+EPRINT+arXiv:1203.1656
https://doi.org/10.1103/PhysRevD.86.015018
https://doi.org/10.1103/PhysRevD.86.015018
https://arxiv.org/abs/1203.3141
https://inspirehep.net/search?p=find+EPRINT+arXiv:1203.3141
https://doi.org/10.1103/PhysRevD.86.075031
https://arxiv.org/abs/1204.6592
https://inspirehep.net/search?p=find+EPRINT+arXiv:1204.6592
https://doi.org/10.1103/PhysRevD.86.095003
https://doi.org/10.1103/PhysRevD.86.095003
https://arxiv.org/abs/1206.5028
https://inspirehep.net/search?p=find+EPRINT+arXiv:1206.5028
https://doi.org/10.1007/JHEP06(2013)073
https://doi.org/10.1007/JHEP06(2013)073
https://arxiv.org/abs/1211.0552
https://inspirehep.net/search?p=find+EPRINT+arXiv:1211.0552
https://doi.org/10.1103/PhysRevD.86.075030
https://arxiv.org/abs/1207.2473
https://inspirehep.net/search?p=find+EPRINT+arXiv:1207.2473
https://doi.org/10.1103/PhysRevD.87.075021
https://arxiv.org/abs/1207.3126
https://inspirehep.net/search?p=find+EPRINT+arXiv:1207.3126
https://doi.org/10.1103/PhysRevD.87.015014
https://arxiv.org/abs/1208.3748
https://inspirehep.net/search?p=find+EPRINT+arXiv:1208.3748
https://doi.org/10.1103/PhysRevD.87.015017
https://arxiv.org/abs/1210.0594
https://inspirehep.net/search?p=find+EPRINT+arXiv:1210.0594
https://doi.org/10.1007/JHEP05(2013)015
https://doi.org/10.1007/JHEP05(2013)015
https://arxiv.org/abs/1212.2635
https://inspirehep.net/search?p=find+EPRINT+arXiv:1212.2635
https://doi.org/10.1016/j.physletb.2013.07.025
https://arxiv.org/abs/1303.1084
https://inspirehep.net/search?p=find+EPRINT+arXiv:1303.1084
https://doi.org/10.1103/PhysRevD.87.095019
https://arxiv.org/abs/1303.5810
https://inspirehep.net/search?p=find+EPRINT+arXiv:1303.5810

[59]

[60]

J. Galloway, M.A. Luty, Y. Tsai and Y. Zhao, Induced electroweak symmetry breaking and
supersymmetric naturalness, Phys. Rev. D 89 (2014) 075003 [arXiv:1306.6354] [INSPIRE].

P. Bandyopadhyay, K. Huitu and A. Sabanci, Status of Y = 0 triplet Higgs with
supersymmetry in the light of ~ 125 GeV Higgs discovery, JHEP 10 (2013) 091
[arXiv:1306.4530] [INSPIRE].

A. Bharucha, A. Goudelis and M. McGarrie, En-gauging naturalness, Eur. Phys. J. C 74
(2014) 2858 [arXiv:1310.4500] [iNSPIRE].

C.-H. Chang, T.-F. Feng, Y.-L. Yan, H.-B. Zhang and S.-M. Zhao, Spontaneous R-parity
violation in the minimal gauged (B — L) supersymmetry with a 125 GeV Higgs boson, Phys.
Rev. D 90 (2014) 035013 [arXiv:1401.4586] [INSPIRE].

E. Bertuzzo, C. Frugiuele, T. Gregoire and E. Ponton, Dirac gauginos, R-symmetry and the
125 GeV Higgs, JHEP 04 (2015) 089 [arXiv:1402.5432] [INSPIRE].

S. Dimopoulos, K. Howe and J. March-Russell, Mazimally natural supersymmetry, Phys.
Rev. Lett. 113 (2014) 111802 [arXiv:1404.7554] [INSPIRE].

E. Bertuzzo and C. Frugiuele, Natural SM-like 126 GeV Higgs boson via nondecoupling
D-terms, Phys. Rev. D 93 (2016) 035019 [arXiv:1412.2765] [INSPIRE].

R. Ding, T. Li, F. Staub, C. Tian and B. Zhu, Supersymmetric standard models with a
pseudo-Dirac gluino from hybrid F- and D-term supersymmetry breaking, Phys. Rev. D 92
(2015) 015008 [arXiv:1502.03614] [INSPIRE].

G. Bélanger, J. Da Silva, U. Laa and A. Pukhov, Probing U(1) extensions of the MSSM at
the LHC run I and in dark matter searches, JHEP 09 (2015) 151 [arXiv:1505.06243]
[INSPIRE].

D. Kim and B. Kyae, Naturalness-guided gluino mass bound from the minimal mized
mediation of SUSY breaking, Phys. Rev. D 92 (2015) 075025 [arXiv:1507.07611]
[INSPIRE].

R.M. Capdevilla, A. Delgado and A. Martin, Light stops in a minimal U(1), extension of
the MSSM, Phys. Rev. D 92 (2015) 115020 [arXiv:1509.02472] [InSPIRE].

Y. Nakai, M. Reece and R. Sato, SUSY Higgs mass and collider signals with a hidden
valley, JHEP 03 (2016) 143 [arXiv:1511.00691] [NSPIRE].

N. Okada and H.M. Tran, 125 GeV Higgs boson mass and muon g — 2 in 5D MSSM, Phys.
Rev. D 94 (2016) 075016 [arXiv:1606.05329] [INSPIRE].

A. Hebbar, G. Lazarides and Q. Shafi, Light sterile neutrinos, dark matter and new
resonances in a U(1) extension of the MSSM, Phys. Rev. D 96 (2017) 055026
[arXiv:1706.09630] [INSPIRE].

M. Badziak and K. Harigaya, Minimal non-Abelian supersymmetric twin Higgs,
arXiv:1707.09071 [INSPIRE].

P. Gregory, Bayesian logical data analysis for the physical sciences, Cambridge University
Press, Cambridge U.K., (2005).

E.T. Jaynes, Probability theory: the logic of science, Cambridge University Press,
Cambridge U.K., (2003).

J. Earman, Bayes or bust?: a critical examination of Bayesian confirmation theory, MIT

Press, Cambridge MA U.S.A., (1992).

— 36 —


https://doi.org/10.1103/PhysRevD.89.075003
https://arxiv.org/abs/1306.6354
https://inspirehep.net/search?p=find+EPRINT+arXiv:1306.6354
https://doi.org/10.1007/JHEP10(2013)091
https://arxiv.org/abs/1306.4530
https://inspirehep.net/search?p=find+EPRINT+arXiv:1306.4530
https://doi.org/10.1140/epjc/s10052-014-2858-7
https://doi.org/10.1140/epjc/s10052-014-2858-7
https://arxiv.org/abs/1310.4500
https://inspirehep.net/search?p=find+EPRINT+arXiv:1310.4500
https://doi.org/10.1103/PhysRevD.90.035013
https://doi.org/10.1103/PhysRevD.90.035013
https://arxiv.org/abs/1401.4586
https://inspirehep.net/search?p=find+EPRINT+arXiv:1401.4586
https://doi.org/10.1007/JHEP04(2015)089
https://arxiv.org/abs/1402.5432
https://inspirehep.net/search?p=find+EPRINT+arXiv:1402.5432
https://doi.org/10.1103/PhysRevLett.113.111802
https://doi.org/10.1103/PhysRevLett.113.111802
https://arxiv.org/abs/1404.7554
https://inspirehep.net/search?p=find+EPRINT+arXiv:1404.7554
https://doi.org/10.1103/PhysRevD.93.035019
https://arxiv.org/abs/1412.2765
https://inspirehep.net/search?p=find+EPRINT+arXiv:1412.2765
https://doi.org/10.1103/PhysRevD.92.015008
https://doi.org/10.1103/PhysRevD.92.015008
https://arxiv.org/abs/1502.03614
https://inspirehep.net/search?p=find+EPRINT+arXiv:1502.03614
https://doi.org/10.1007/JHEP09(2015)151
https://arxiv.org/abs/1505.06243
https://inspirehep.net/search?p=find+EPRINT+arXiv:1505.06243
https://doi.org/10.1103/PhysRevD.92.075025
https://arxiv.org/abs/1507.07611
https://inspirehep.net/search?p=find+EPRINT+arXiv:1507.07611
https://doi.org/10.1103/PhysRevD.92.115020
https://arxiv.org/abs/1509.02472
https://inspirehep.net/search?p=find+EPRINT+arXiv:1509.02472
https://doi.org/10.1007/JHEP03(2016)143
https://arxiv.org/abs/1511.00691
https://inspirehep.net/search?p=find+EPRINT+arXiv:1511.00691
https://doi.org/10.1103/PhysRevD.94.075016
https://doi.org/10.1103/PhysRevD.94.075016
https://arxiv.org/abs/1606.05329
https://inspirehep.net/search?p=find+EPRINT+arXiv:1606.05329
https://doi.org/10.1103/PhysRevD.96.055026
https://arxiv.org/abs/1706.09630
https://inspirehep.net/search?p=find+EPRINT+arXiv:1706.09630
https://arxiv.org/abs/1707.09071
https://inspirehep.net/search?p=find+EPRINT+arXiv:1707.09071

[77]

[78]

[79]

[80]

[81]

[82]

[83]

B.C. Allanach, K. Cranmer, C.G. Lester and A.M. Weber, Natural priors, CMSSM fits and
LHC weather forecasts, JHEP 08 (2007) 023 [arXiv:0705.0487] [INSPIRE].

M.E. Cabrera, J.A. Casas and R. Ruiz de Austri, Bayesian approach and naturalness in
MSSM analyses for the LHC, JHEP 03 (2009) 075 [arXiv:0812.0536] INSPIRE].

A. Fowlie, CMSSM, naturalness and the “fine-tuning price” of the Very Large Hadron
Collider, Phys. Rev. D 90 (2014) 015010 [arXiv:1403.3407] [INSPIRE].

S. Fichet, Quantified naturalness from Bayesian statistics, Phys. Rev. D 86 (2012) 125029
[arXiv:1204.4940] [INSPIRE].

M.E. Cabrera, Bayesian study and naturalness in MSSM forecast for the LHC, in
Proceedings, 45" Rencontres de Moriond on Electroweak Interactions and Unified Theories,
(2010) [arXiv:1005.2525] [INSPIRE].

A. Fowlie, Is the CNMSSM more credible than the CMSSM?, Eur. Phys. J. C 74 (2014)
3105 [arXiv:1407.7534] INSPIRE].

A. Fowlie, The little-hierarchy problem is a little problem: understanding the difference
between the big- and little-hierarchy problems with Bayesian probability, arXiv:1506.03786
[INSPIRE].

J.D. Clarke and P. Cox, Naturalness made easy: two-loop naturalness bounds on minimal
SM extensions, JHEP 02 (2017) 129 [arXiv:1607.07446] [INSPIRE].

P. Fundira and A. Purves, Bayesian naturalness, simplicity and testability applied to the
B — L MSSM GUT using GPU Monte Carlo, arXiv:1708.07835 [INSPIRE].

D. Kim, P. Athron, C. Baldzs, B. Farmer and E. Hutchison, Bayesian naturalness of the
CMSSM and CNMSSM, Phys. Rev. D 90 (2014) 055008 [arXiv:1312.4150] [INSPIRE].

D.E. Lopez-Fogliani, L. Roszkowski, R. Ruiz de Austri and T.A. Varley, A Bayesian
analysis of the constrained NMSSM, Phys. Rev. D 80 (2009) 095013 [arXiv:0906.4911]
[INSPIRE].

K. Kowalska, S. Munir, L. Roszkowski, E.M. Sessolo, S. Trojanowski and Y.-L.S. Tsai,
Constrained next-to-minimal supersymmetric Standard Model with a 126 GeV Higgs boson:
a global analysis, Phys. Rev. D 87 (2013) 115010 [arXiv:1211.1693] [INSPIRE].

S. Akula, P. Nath and G. Peim, Implications of the Higgs boson discovery for mSUGRA,
Phys. Lett. B 717 (2012) 188 [arXiv:1207.1839] [INSPIRE].

A.J. Williams, Fzxplaining the Fermi galactic centre excess in the CMSSM,
arXiv:1510.00714 [INSPIRE].

R. Diamanti, M.E.C. Catalan and S. Ando, Dark matter protohalos in a nine parameter
MSSM and implications for direct and indirect detection, Phys. Rev. D 92 (2015) 065029
[arXiv:1506.01529] [INSPIRE].

M.E. Cabrera-Catalan, S. Ando, C. Weniger and F. Zandanel, Indirect and direct detection
prospect for TeV dark matter in the nine parameter MSSM, Phys. Rev. D 92 (2015) 035018
[arXiv:1503.00599] [iNSPIRE].

J.A. Casas, J.M. Moreno, S. Robles, K. Rolbiecki and B. Zaldivar, What is a natural SUSY
scenario?, JHEP 06 (2015) 070 [arXiv:1407.6966] [INSPIRE].

L. Roszkowski, E.M. Sessolo and A.J. Williams, What next for the CMSSM and the NUHM:
improved prospects for superpartner and dark matter detection, JHEP 08 (2014) 067
[arXiv:1405.4289] [INSPIRE].

- 37 —


https://doi.org/10.1088/1126-6708/2007/08/023
https://arxiv.org/abs/0705.0487
https://inspirehep.net/search?p=find+EPRINT+arXiv:0705.0487
https://doi.org/10.1088/1126-6708/2009/03/075
https://arxiv.org/abs/0812.0536
https://inspirehep.net/search?p=find+EPRINT+arXiv:0812.0536
https://doi.org/10.1103/PhysRevD.90.015010
https://arxiv.org/abs/1403.3407
https://inspirehep.net/search?p=find+EPRINT+arXiv:1403.3407
https://doi.org/10.1103/PhysRevD.86.125029
https://arxiv.org/abs/1204.4940
https://inspirehep.net/search?p=find+EPRINT+arXiv:1204.4940
https://arxiv.org/abs/1005.2525
https://inspirehep.net/search?p=find+EPRINT+arXiv:1005.2525
https://doi.org/10.1140/epjc/s10052-014-3105-y
https://doi.org/10.1140/epjc/s10052-014-3105-y
https://arxiv.org/abs/1407.7534
https://inspirehep.net/search?p=find+EPRINT+arXiv:1407.7534
https://arxiv.org/abs/1506.03786
https://inspirehep.net/search?p=find+EPRINT+arXiv:1506.03786
https://doi.org/10.1007/JHEP02(2017)129
https://arxiv.org/abs/1607.07446
https://inspirehep.net/search?p=find+EPRINT+arXiv:1607.07446
https://arxiv.org/abs/1708.07835
https://inspirehep.net/search?p=find+EPRINT+arXiv:1708.07835
https://doi.org/10.1103/PhysRevD.90.055008
https://arxiv.org/abs/1312.4150
https://inspirehep.net/search?p=find+EPRINT+arXiv:1312.4150
https://doi.org/10.1103/PhysRevD.80.095013
https://arxiv.org/abs/0906.4911
https://inspirehep.net/search?p=find+EPRINT+arXiv:0906.4911
https://doi.org/10.1103/PhysRevD.87.115010
https://arxiv.org/abs/1211.1693
https://inspirehep.net/search?p=find+EPRINT+arXiv:1211.1693
https://doi.org/10.1016/j.physletb.2012.09.007
https://arxiv.org/abs/1207.1839
https://inspirehep.net/search?p=find+EPRINT+arXiv:1207.1839
https://arxiv.org/abs/1510.00714
https://inspirehep.net/search?p=find+EPRINT+arXiv:1510.00714
https://doi.org/10.1103/PhysRevD.92.065029
https://arxiv.org/abs/1506.01529
https://inspirehep.net/search?p=find+EPRINT+arXiv:1506.01529
https://doi.org/10.1103/PhysRevD.92.035018
https://arxiv.org/abs/1503.00599
https://inspirehep.net/search?p=find+EPRINT+arXiv:1503.00599
https://doi.org/10.1007/JHEP06(2015)070
https://arxiv.org/abs/1407.6966
https://inspirehep.net/search?p=find+EPRINT+arXiv:1407.6966
https://doi.org/10.1007/JHEP08(2014)067
https://arxiv.org/abs/1405.4289
https://inspirehep.net/search?p=find+EPRINT+arXiv:1405.4289

[95]

[96]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

C. Strege et al., Profile likelihood maps of a 15-dimensional MSSM, JHEP 09 (2014) 081
[arXiv:1405.0622] [INSPIRE].

A. Fowlie and M. Raidal, Prospects for constrained supersymmetry at /s = 33 TeV and
Vs =100 TeV proton-proton super-colliders, Eur. Phys. J. C 74 (2014) 2948
[arXiv:1402.5419] [INSPIRE].

S.S. AbdusSalam, Stop-mass prediction in naturalness scenarios within MSSM-25, Int. J.
Mod. Phys. A 29 (2014) 1450160 [arXiv:1312.7830] [INSPIRE].

M.E. Cabrera, A. Casas, R. Ruiz de Austri and G. Bertone, LHC and dark matter
phenomenology of the NUGHM, JHEP 12 (2014) 114 [arXiv:1311.7152] [INSPIRE].

C. Arina and M.E. Cabrera, Multi-lepton signatures at LHC' from sneutrino dark matter,
JHEP 04 (2014) 100 [arXiv:1311.6549] [INSPIRE].

R. Ruiz de Austri and C. Pérez de los Heros, Impact of nucleon matriz element
uncertainties on the interpretation of direct and indirect dark matter search results, JCAP
11 (2013) 049 [arXiv:1307.6668] [INSPIRE].

A. Fowlie, K. Kowalska, L. Roszkowski, E.M. Sessolo and Y.-L.S. Tsai, Dark matter and
collider signatures of the MSSM, Phys. Rev. D 88 (2013) 055012 [arXiv:1306.1567]
[INSPIRE].

S. Antusch, C. Gross, V. Maurer and C. Sluka, A flavour GUT model with
OPMNS ~ 00 /\/2, Nucl. Phys. B 877 (2013) 772 [arXiv:1305.6612] [INSPIRE].

M.E. Cabrera, J.A. Casas and R. Ruiz de Austri, The health of SUSY after the Higgs
discovery and the XENON100 data, JHEP 07 (2013) 182 [arXiv:1212.4821] [InSPIRE].

C. Strege, G. Bertone, F. Feroz, M. Fornasa, R. Ruiz de Austri and R. Trotta, Global fits of
the CMSSM and NUHM including the LHC Higgs discovery and new XENON100
constraints, JOCAP 04 (2013) 013 [arXiv:1212.2636] [INSPIRE].

C. Balazs and S.K. Gupta, Peccei-Quinn violating minimal supergravity and a 126 GeV
Higgs boson, Phys. Rev. D 87 (2013) 035023 [arXiv:1212.1708] [INSPIRE].

C. Balazs, A. Buckley, D. Carter, B. Farmer and M. White, Should we still believe in
constrained supersymmetry?, Eur. Phys. J. C 73 (2013) 2563 [arXiv:1205.1568] [INSPIRE].

L. Roszkowski, E.M. Sessolo and Y.-L.S. Tsai, Bayesian implications of current LHC
supersymmetry and dark matter detection searches for the constrained MSSM, Phys. Rev. D
86 (2012) 095005 [arXiv:1202.1503] [INSPIRE].

C. Strege, G. Bertone, D.G. Cerdeno, M. Fornasa, R. Ruiz de Austri and R. Trotta,
Updated global fits of the CMSSM including the latest LHC SUSY and Higgs searches and
XENON100 data, JCAP 03 (2012) 030 [arXiv:1112.4192] [NSPIRE].

A. Fowlie, A. Kalinowski, M. Kazana, L.. Roszkowski and Y.L.S. Tsai, Bayesian
implications of current LHC and XENON100 search limits for the constrained MSSM,
Phys. Rev. D 85 (2012) 075012 [arXiv:1111.6098] [INSPIRE].

G. Bertone, D.G. Cerdeno, M. Fornasa, L. Pieri, R. Ruiz de Austri and R. Trotta,
Complementarity of indirect and accelerator dark matter searches, Phys. Rev. D 85 (2012)
055014 [arXiv:1111.2607] [INSPIRE].

M.E. Cabrera, J.A. Casas, V.A. Mitsou, R. Ruiz de Austri and J. Terron, Histogram
comparison as a powerful tool for the search of new physics at LHC. Application to
CMSSM, JHEP 04 (2012) 133 [arXiv:1109.3759] [NSPIRE].

— 38 —


https://doi.org/10.1007/JHEP09(2014)081
https://arxiv.org/abs/1405.0622
https://inspirehep.net/search?p=find+EPRINT+arXiv:1405.0622
https://doi.org/10.1140/epjc/s10052-014-2948-6
https://arxiv.org/abs/1402.5419
https://inspirehep.net/search?p=find+EPRINT+arXiv:1402.5419
https://doi.org/10.1142/S0217751X14501607
https://doi.org/10.1142/S0217751X14501607
https://arxiv.org/abs/1312.7830
https://inspirehep.net/search?p=find+EPRINT+arXiv:1312.7830
https://doi.org/10.1007/JHEP12(2014)114
https://arxiv.org/abs/1311.7152
https://inspirehep.net/search?p=find+EPRINT+arXiv:1311.7152
https://doi.org/10.1007/JHEP04(2014)100
https://arxiv.org/abs/1311.6549
https://inspirehep.net/search?p=find+EPRINT+arXiv:1311.6549
https://doi.org/10.1088/1475-7516/2013/11/049
https://doi.org/10.1088/1475-7516/2013/11/049
https://arxiv.org/abs/1307.6668
https://inspirehep.net/search?p=find+EPRINT+arXiv:1307.6668
https://doi.org/10.1103/PhysRevD.88.055012
https://arxiv.org/abs/1306.1567
https://inspirehep.net/search?p=find+EPRINT+arXiv:1306.1567
https://doi.org/10.1016/j.nuclphysb.2013.11.003
https://arxiv.org/abs/1305.6612
https://inspirehep.net/search?p=find+EPRINT+arXiv:1305.6612
https://doi.org/10.1007/JHEP07(2013)182
https://arxiv.org/abs/1212.4821
https://inspirehep.net/search?p=find+EPRINT+arXiv:1212.4821
https://doi.org/10.1088/1475-7516/2013/04/013
https://arxiv.org/abs/1212.2636
https://inspirehep.net/search?p=find+EPRINT+arXiv:1212.2636
https://doi.org/10.1103/PhysRevD.87.035023
https://arxiv.org/abs/1212.1708
https://inspirehep.net/search?p=find+EPRINT+arXiv:1212.1708
https://doi.org/10.1140/epjc/s10052-013-2563-y
https://arxiv.org/abs/1205.1568
https://inspirehep.net/search?p=find+EPRINT+arXiv:1205.1568
https://doi.org/10.1103/PhysRevD.86.095005
https://doi.org/10.1103/PhysRevD.86.095005
https://arxiv.org/abs/1202.1503
https://inspirehep.net/search?p=find+EPRINT+arXiv:1202.1503
https://doi.org/10.1088/1475-7516/2012/03/030
https://arxiv.org/abs/1112.4192
https://inspirehep.net/search?p=find+EPRINT+arXiv:1112.4192
https://doi.org/10.1103/PhysRevD.85.075012
https://arxiv.org/abs/1111.6098
https://inspirehep.net/search?p=find+EPRINT+arXiv:1111.6098
https://doi.org/10.1103/PhysRevD.85.055014
https://doi.org/10.1103/PhysRevD.85.055014
https://arxiv.org/abs/1111.2607
https://inspirehep.net/search?p=find+EPRINT+arXiv:1111.2607
https://doi.org/10.1007/JHEP04(2012)133
https://arxiv.org/abs/1109.3759
https://inspirehep.net/search?p=find+EPRINT+arXiv:1109.3759

[112]

[113]

[114]

[115]

[116]

[117]

18]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

B.C. Allanach and M.J. Dolan, Supersymmetry with prejudice: fitting the wrong model to
LHC data, Phys. Rev. D 86 (2012) 055022 [arXiv:1107.2856] [INSPIRE].

G. Bertone, D.G. Cerdeno, M. Fornasa, R. Ruiz de Austri, C. Strege and R. Trotta, Global
fits of the CMSSM including the first LHC and XENON100 data, JCAP 01 (2012) 015
[arXiv:1107.1715] [INSPIRE].

A. Fowlie and L. Roszkowski, Reconstructing ATLAS SU3 in the CMSSM and relazed
phenomenological supersymmetry models, arXiv:1106.5117 [INSPIRE].

B.C. Allanach, Impact of CMS multi-jets and missing energy search on CMSSM fits, Phys.
Rev. D 83 (2011) 095019 [arXiv:1102.3149] InSPIRE].

F. Feroz, K. Cranmer, M. Hobson, R. Ruiz de Austri and R. Trotta, Challenges of profile
likelihood evaluation in multi-dimensional SUSY scans, JHEP 06 (2011) 042
[arXiv:1101.3296] [INSPIRE].

J. Ripken, J. Conrad and P. Scott, Implications for constrained supersymmetry of combined
H.E.S.S. observations of dwarf galaxies, the galactic halo and the galactic centre, JCAP 11
(2011) 004 [arXiv:1012.3939] [INSPIRE].

M.E. Cabrera, J.A. Casas, R. Ruiz de Austri and R. Trotta, Quantifying the tension
between the Higgs mass and (g — 2),, in the CMSSM, Phys. Rev. D 84 (2011) 015006
[arXiv:1011.5935] INSPIRE].

Y. Akrami, C. Savage, P. Scott, J. Conrad and J. Edsjo, Statistical coverage for
supersymmetric parameter estimation: a case study with direct detection of dark matter,
JCAP 07 (2011) 002 [arXiv:1011.4297] [INSPIRE].

M.E. Cabrera, J.A. Casas and R. Ruiz de Austri, MSSM forecast for the LHC, JHEP 05
(2010) 043 [arXiv:0911.4686] [INSPIRE].

Y. Akrami, P. Scott, J. Edsjo, J. Conrad and L. Bergstrom, A profile likelihood analysis of
the constrained MSSM with genetic algorithms, JHEP 04 (2010) 057 [arXiv:0910.3950]
[INSPIRE].

L. Roszkowski, R. Ruiz de Austri and R. Trotta, Efficient reconstruction of CMSSM
parameters from LHC data: a case study, Phys. Rev. D 82 (2010) 055003
[arXiv:0907.0594] [INSPIRE].

L. Roszkowski, R. Ruiz de Austri, R. Trotta, Y.-L.S. Tsai and T.A. Varley, Global fits of the
non-universal Higgs model, Phys. Rev. D 83 (2011) 015014 [Erratum ibid. D 83 (2011)
039901] [arXiv:0903.1279] [INSPIRE].

R. Trotta, F. Feroz, M.P. Hobson, L. Roszkowski and R. Ruiz de Austri, The impact of
priors and observables on parameter inferences in the constrained MSSM, JHEP 12 (2008)
024 [arXiv:0809.3792] [INSPIRE].

F. Feroz, B.C. Allanach, M. Hobson, S.S. AbdusSalam, R. Trotta and A.M. Weber,
Bayesian selection of sign p within mSUGRA in global fits including WMAPS results,
JHEP 10 (2008) 064 [arXiv:0807.4512] [INSPIRE].

B.C. Allanach and D. Hooper, Panglossian prospects for detecting neutralino dark matter in
light of natural priors, JHEP 10 (2008) 071 [arXiv:0806.1923] [INSPIRE].

B.C. Allanach, M.J. Dolan and A.M. Weber, Global fits of the large volume string scenario
to WMAP5 and other indirect constraints using Markov chain Monte Carlo, JHEP 08
(2008) 105 [arXiv:0806.1184] [INSPIRE].

-39 —


https://doi.org/10.1103/PhysRevD.86.055022
https://arxiv.org/abs/1107.2856
https://inspirehep.net/search?p=find+EPRINT+arXiv:1107.2856
https://doi.org/10.1088/1475-7516/2012/01/015
https://arxiv.org/abs/1107.1715
https://inspirehep.net/search?p=find+EPRINT+arXiv:1107.1715
https://arxiv.org/abs/1106.5117
https://inspirehep.net/search?p=find+EPRINT+arXiv:1106.5117
https://doi.org/10.1103/PhysRevD.83.095019
https://doi.org/10.1103/PhysRevD.83.095019
https://arxiv.org/abs/1102.3149
https://inspirehep.net/search?p=find+EPRINT+arXiv:1102.3149
https://doi.org/10.1007/JHEP06(2011)042
https://arxiv.org/abs/1101.3296
https://inspirehep.net/search?p=find+EPRINT+arXiv:1101.3296
https://doi.org/10.1088/1475-7516/2011/11/004
https://doi.org/10.1088/1475-7516/2011/11/004
https://arxiv.org/abs/1012.3939
https://inspirehep.net/search?p=find+EPRINT+arXiv:1012.3939
https://doi.org/10.1103/PhysRevD.84.015006
https://arxiv.org/abs/1011.5935
https://inspirehep.net/search?p=find+EPRINT+arXiv:1011.5935
https://doi.org/10.1088/1475-7516/2011/07/002
https://arxiv.org/abs/1011.4297
https://inspirehep.net/search?p=find+EPRINT+arXiv:1011.4297
https://doi.org/10.1007/JHEP05(2010)043
https://doi.org/10.1007/JHEP05(2010)043
https://arxiv.org/abs/0911.4686
https://inspirehep.net/search?p=find+EPRINT+arXiv:0911.4686
https://doi.org/10.1007/JHEP04(2010)057
https://arxiv.org/abs/0910.3950
https://inspirehep.net/search?p=find+EPRINT+arXiv:0910.3950
https://doi.org/10.1103/PhysRevD.82.055003
https://arxiv.org/abs/0907.0594
https://inspirehep.net/search?p=find+EPRINT+arXiv:0907.0594
https://doi.org/10.1103/PhysRevD.83.015014
https://arxiv.org/abs/0903.1279
https://inspirehep.net/search?p=find+EPRINT+arXiv:0903.1279
https://doi.org/10.1088/1126-6708/2008/12/024
https://doi.org/10.1088/1126-6708/2008/12/024
https://arxiv.org/abs/0809.3792
https://inspirehep.net/search?p=find+EPRINT+arXiv:0809.3792
https://doi.org/10.1088/1126-6708/2008/10/064
https://arxiv.org/abs/0807.4512
https://inspirehep.net/search?p=find+EPRINT+arXiv:0807.4512
https://doi.org/10.1088/1126-6708/2008/10/071
https://arxiv.org/abs/0806.1923
https://inspirehep.net/search?p=find+EPRINT+arXiv:0806.1923
https://doi.org/10.1088/1126-6708/2008/08/105
https://doi.org/10.1088/1126-6708/2008/08/105
https://arxiv.org/abs/0806.1184
https://inspirehep.net/search?p=find+EPRINT+arXiv:0806.1184

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

[138]

[139]

[140]

[141]

[142]

[143]

[144]

[145]

B.C. Allanach, SUSY predictions and SUSY tools at the LHC, Eur. Phys. J. C 59 (2009)
427 [arXiv:0805.2088] [INSPIRE].

L. Roszkowski, R. Ruiz de Austri and R. Trotta, Implications for the constrained MSSM
from a new prediction for b — s, JHEP 07 (2007) 075 [arXiv:0705.2012] INSPIRE].

L. Roszkowski, R. Ruiz de Austri and R. Trotta, On the detectability of the CMSSM light
Higgs boson at the Tevatron, JHEP 04 (2007) 084 [hep-ph/0611173] [INSPIRE].

PARTICLE DATA GROUP collaboration, C. Patrignani et al., Review of particle physics,
Chin. Phys. C 40 (2016) 100001 [INSPIRE].

J.E. Kim and H.P. Nilles, The u problem and the strong CP problem, Phys. Lett. B 138
(1984) 150 [INSPIRE].

A.H. Chamseddine, R.L. Arnowitt and P. Nath, Locally supersymmetric grand unification,
Phys. Rev. Lett. 49 (1982) 970 [nSPIRE].

R.L. Arnowitt and P. Nath, SUSY mass spectrum in SU(5) supergravity grand unification,
Phys. Rev. Lett. 69 (1992) 725 [INSPIRE].

S.S. AbdusSalam et al., Benchmark models, planes, lines and points for future SUSY
searches at the LHC, Eur. Phys. J. C 71 (2011) 1835 [arXiv:1109.3859] [INSPIRE].

G.L. Kane, C.F. Kolda, L. Roszkowski and J.D. Wells, Study of constrained minimal
supersymmetry, Phys. Rev. D 49 (1994) 6173 [hep-ph/9312272] [INSPIRE].

B.C. Allanach, SOFTSUSY: a program for calculating supersymmetric spectra, Comput.
Phys. Commun. 143 (2002) 305 [hep-ph/0104145] [INSPIRE].

B.C. Allanach, P. Athron, L.C. Tunstall, A. Voigt and A.G. Williams, Next-to-minimal
SOFTSUSY, Comput. Phys. Commun. 185 (2014) 2322 [arXiv:1311.7659] InSPIRE].

S.R. Coleman and E.J. Weinberg, Radiative corrections as the origin of spontaneous
symmetry breaking, Phys. Rev. D 7 (1973) 1888 [INSPIRE].

K.L. Chan, U. Chattopadhyay and P. Nath, Naturalness, weak scale supersymmetry and the
prospect for the observation of supersymmetry at the Tevatron and at the CERN LHC),
Phys. Rev. D 58 (1998) 096004 [hep-ph/9710473] [INSPIRE].

J.L. Feng and T. Moroi, Supernatural supersymmetry: phenomenological implications of
anomaly mediated supersymmetry breaking, Phys. Rev. D 61 (2000) 095004
[hep-ph/9907319] [INSPIRE].

J.L. Feng, K.T. Matchev and T. Moroi, Multi-TeV scalars are natural in minimal
supergravity, Phys. Rev. Lett. 84 (2000) 2322 [hep-ph/9908309] [NSPIRE].

H. Baer, V. Barger, P. Huang, A. Mustafayev and X. Tata, Radiative natural SUSY with a
125 GeV Higgs boson, Phys. Rev. Lett. 109 (2012) 161802 [arXiv:1207.3343] [InSPIRE].

B. de Carlos and J.A. Casas, One loop analysis of the electroweak breaking in
supersymmetric models and the fine tuning problem, Phys. Lett. B 309 (1993) 320
[hep-ph/9303291] [INSPIRE].

B. de Carlos and J.A. Casas, The fine tuning problem of the electroweak symmetry breaking
mechanism in minimal SUSY models, in 16" International Warsaw Meeting on Elementary
Particle Physics: New Physics at New Experiments, Kazimierz Poland, 24-28 May 1993
[hep-ph/9310232] [INSPIRE].

40 —


https://doi.org/10.1140/epjc/s10052-008-0695-2
https://doi.org/10.1140/epjc/s10052-008-0695-2
https://arxiv.org/abs/0805.2088
https://inspirehep.net/search?p=find+EPRINT+arXiv:0805.2088
https://doi.org/10.1088/1126-6708/2007/07/075
https://arxiv.org/abs/0705.2012
https://inspirehep.net/search?p=find+EPRINT+arXiv:0705.2012
https://doi.org/10.1088/1126-6708/2007/04/084
https://arxiv.org/abs/hep-ph/0611173
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0611173
https://doi.org/10.1088/1674-1137/40/10/100001
https://inspirehep.net/search?p=find+J+%22Chin.Phys.,C40,100001%22
https://doi.org/10.1016/0370-2693(84)91890-2
https://doi.org/10.1016/0370-2693(84)91890-2
https://inspirehep.net/search?p=find+J+%22Phys.Lett.,B138,150%22
https://doi.org/10.1103/PhysRevLett.49.970
https://inspirehep.net/search?p=find+J+%22Phys.Rev.Lett.,49,970%22
https://doi.org/10.1103/PhysRevLett.69.725
https://inspirehep.net/search?p=find+J+%22Phys.Rev.Lett.,69,725%22
https://doi.org/10.1140/epjc/s10052-011-1835-7
https://arxiv.org/abs/1109.3859
https://inspirehep.net/search?p=find+EPRINT+arXiv:1109.3859
https://doi.org/10.1103/PhysRevD.49.6173
https://arxiv.org/abs/hep-ph/9312272
https://inspirehep.net/search?p=find+EPRINT+hep-ph/9312272
https://doi.org/10.1016/S0010-4655(01)00460-X
https://doi.org/10.1016/S0010-4655(01)00460-X
https://arxiv.org/abs/hep-ph/0104145
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0104145
https://doi.org/10.1016/j.cpc.2014.04.015
https://arxiv.org/abs/1311.7659
https://inspirehep.net/search?p=find+EPRINT+arXiv:1311.7659
https://doi.org/10.1103/PhysRevD.7.1888
https://inspirehep.net/search?p=find+J+%22Phys.Rev.,D7,1888%22
https://doi.org/10.1103/PhysRevD.58.096004
https://arxiv.org/abs/hep-ph/9710473
https://inspirehep.net/search?p=find+EPRINT+hep-ph/9710473
https://doi.org/10.1103/PhysRevD.61.095004
https://arxiv.org/abs/hep-ph/9907319
https://inspirehep.net/search?p=find+EPRINT+hep-ph/9907319
https://doi.org/10.1103/PhysRevLett.84.2322
https://arxiv.org/abs/hep-ph/9908309
https://inspirehep.net/search?p=find+EPRINT+hep-ph/9908309
https://doi.org/10.1103/PhysRevLett.109.161802
https://arxiv.org/abs/1207.3343
https://inspirehep.net/search?p=find+EPRINT+arXiv:1207.3343
https://doi.org/10.1016/0370-2693(93)90940-J
https://arxiv.org/abs/hep-ph/9303291
https://inspirehep.net/search?p=find+EPRINT+hep-ph/9303291
https://arxiv.org/abs/hep-ph/9310232
https://inspirehep.net/search?p=find+EPRINT+hep-ph/9310232

[146]

[147]

[148]
[149]

[150]

[151]

[152]

[153]

[154]

[155]

[156]

[157]

[158]

[159]

[160]

[161]

[162]

[163]

P.H. Chankowski, J.R. Ellis and S. Pokorski, The fine tuning price of LEP, Phys. Lett. B
423 (1998) 327 [hep-ph/9712234] [INSPIRE].

K. Agashe and M. Graesser, Improving the fine tuning in models of low-energy gauge
mediated supersymmetry breaking, Nucl. Phys. B 507 (1997) 3 [hep-ph/9704206] [INSPIRE].

D. Wright, Naturally nonminimal supersymmetry, hep-ph/9801449 [InSPIRE].

G.L. Kane and S.F. King, Naturalness implications of LEP results, Phys. Lett. B 451
(1999) 113 [hep-ph/9810374] [INSPIRE].

M. Bastero-Gil, G.L. Kane and S.F. King, Fine tuning constraints on supergravity models,
Phys. Lett. B 474 (2000) 103 [hep-ph/9910506] [INSPIRE].

J.L. Feng, K.T. Matchev and T. Moroi, Focus points and naturalness in supersymmetry,
Phys. Rev. D 61 (2000) 075005 [hep-ph/9909334] [INSPIRE].

B.C. Allanach, J.P.J. Hetherington, M.A. Parker and B.R. Webber, Naturalness reach of
the Large Hadron Collider in minimal supergravity, JHEP 08 (2000) 017 [hep-ph/0005186]
[INSPIRE].

R. Barbieri and L.J. Hall, Improved naturalness and the two Higgs doublet model,
hep-ph/0510243 [INSPIRE].

B.C. Allanach, Naturalness priors and fits to the constrained minimal supersymmetric
Standard Model, Phys. Lett. B 635 (2006) 123 [hep-ph/0601089] [INSPIRE].

B. Gripaios and S.M. West, Improved Higgs naturalness with or without supersymmetry,
Phys. Rev. D 74 (2006) 075002 [hep-ph/0603229] [INSPIRE].

R. Dermisek, J.F. Gunion and B. McElrath, Probing NMSSM scenarios with minimal
fine-tuning by searching for decays of the Y to a light CP-odd Higgs boson, Phys. Rev. D 76
(2007) 051105 [hep-ph/0612031] [INSPIRE].

R. Barbieri, L.J. Hall and V.S. Rychkov, Improved naturalness with a heavy Higgs: an
alternative road to LHC physics, Phys. Rev. D 74 (2006) 015007 [hep-ph/0603188]
[INSPIRE].

T. Kobayashi, H. Terao and A. Tsuchiya, Fine-tuning in gauge mediated supersymmetry
breaking models and induced top Yukawa coupling, Phys. Rev. D 74 (2006) 015002
[hep-ph/0604091] [INSPIRE].

M. Perelstein and B. Shakya, XENON100 implications for naturalness in the MSSM,
NMSSM and A-supersymmetry model, Phys. Rev. D 88 (2013) 075003 [arXiv:1208.0833]
[INSPIRE].

S. Antusch, L. Calibbi, V. Maurer, M. Monaco and M. Spinrath, Naturalness of the
non-universal MSSM in the light of the recent Higgs results, JHEP 01 (2013) 187
[arXiv:1207.7236] [INSPIRE].

T. Cheng, J. Li, T. Li, X. Wan, Y.k. Wang and S.-H. Zhu, Toward the natural and realistic
NMSSM with and without R-parity, arXiv:1207.6392 [INSPIRE].

M.W. Cahill-Rowley, J.L. Hewett, A. Ismail and T.G. Rizzo, The Higgs sector and
fine-tuning in the pMSSM, Phys. Rev. D 86 (2012) 075015 [arXiv:1206.5800] [INSPIRE].

G.G. Ross, K. Schmidt-Hoberg and F. Staub, The generalised NMSSM at one loop: fine
tuning and phenomenology, JHEP 08 (2012) 074 [arXiv:1205.1509] [INSPIRE].

— 41 —


https://doi.org/10.1016/S0370-2693(98)00060-4
https://doi.org/10.1016/S0370-2693(98)00060-4
https://arxiv.org/abs/hep-ph/9712234
https://inspirehep.net/search?p=find+EPRINT+hep-ph/9712234
https://doi.org/10.1016/S0550-3213(97)00569-5
https://arxiv.org/abs/hep-ph/9704206
https://inspirehep.net/search?p=find+EPRINT+hep-ph/9704206
https://arxiv.org/abs/hep-ph/9801449
https://inspirehep.net/search?p=find+EPRINT+hep-ph/9801449
https://doi.org/10.1016/S0370-2693(99)00190-2
https://doi.org/10.1016/S0370-2693(99)00190-2
https://arxiv.org/abs/hep-ph/9810374
https://inspirehep.net/search?p=find+EPRINT+hep-ph/9810374
https://doi.org/10.1016/S0370-2693(00)00002-2
https://arxiv.org/abs/hep-ph/9910506
https://inspirehep.net/search?p=find+EPRINT+hep-ph/9910506
https://doi.org/10.1103/PhysRevD.61.075005
https://arxiv.org/abs/hep-ph/9909334
https://inspirehep.net/search?p=find+EPRINT+hep-ph/9909334
https://doi.org/10.1088/1126-6708/2000/08/017
https://arxiv.org/abs/hep-ph/0005186
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0005186
https://arxiv.org/abs/hep-ph/0510243
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0510243
https://doi.org/10.1016/j.physletb.2006.02.052
https://arxiv.org/abs/hep-ph/0601089
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0601089
https://doi.org/10.1103/PhysRevD.74.075002
https://arxiv.org/abs/hep-ph/0603229
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0603229
https://doi.org/10.1103/PhysRevD.76.051105
https://doi.org/10.1103/PhysRevD.76.051105
https://arxiv.org/abs/hep-ph/0612031
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0612031
https://doi.org/10.1103/PhysRevD.74.015007
https://arxiv.org/abs/hep-ph/0603188
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0603188
https://doi.org/10.1103/PhysRevD.74.015002
https://arxiv.org/abs/hep-ph/0604091
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0604091
https://doi.org/10.1103/PhysRevD.88.075003
https://arxiv.org/abs/1208.0833
https://inspirehep.net/search?p=find+EPRINT+arXiv:1208.0833
https://doi.org/10.1007/JHEP01(2013)187
https://arxiv.org/abs/1207.7236
https://inspirehep.net/search?p=find+EPRINT+arXiv:1207.7236
https://arxiv.org/abs/1207.6392
https://inspirehep.net/search?p=find+EPRINT+arXiv:1207.6392
https://doi.org/10.1103/PhysRevD.86.075015
https://arxiv.org/abs/1206.5800
https://inspirehep.net/search?p=find+EPRINT+arXiv:1206.5800
https://doi.org/10.1007/JHEP08(2012)074
https://arxiv.org/abs/1205.1509
https://inspirehep.net/search?p=find+EPRINT+arXiv:1205.1509

[164]

[165]

[166]

[167]

[168]

[169]

[170]

[171]

[172]

[173]

[174]

[175]

[176]

[177)

[178]

[179]

[180]

[181]

C. Boehm, P.S.B. Dev, A. Mazumdar and E. Pukartas, Naturalness of light neutralino dark
matter in pMSSM after LHC, XENON100 and Planck data, JHEP 06 (2013) 113
[arXiv:1303.5386] [INSPIRE].

G.W. Anderson and D.J. Castano, Measures of fine tuning, Phys. Lett. B 347 (1995) 300
[hep-ph/9409419] [INSPIRE].

G.W. Anderson and D.J. Castano, Naturalness and superpartner masses or when to give up
on weak scale supersymmetry, Phys. Rev. D 52 (1995) 1693 [hep-ph/9412322] [INSPIRE].

G.W. Anderson and D.J. Castano, Challenging weak scale supersymmetry at colliders, Phys.
Rev. D 53 (1996) 2403 [hep-ph/9509212] [INSPIRE].

G.W. Anderson, D.J. Castano and A. Riotto, Naturalness lowers the upper bound on the
lightest Higgs boson mass in supersymmetry, Phys. Rev. D 55 (1997) 2950
[hep-ph/9609463] [INSPIRE].

P. Ciafaloni and A. Strumia, Naturalness upper bounds on gauge mediated soft terms, Nucl.
Phys. B 494 (1997) 41 [hep-ph/9611204] [INSPIRE].

R. Barbieri and A. Strumia, About the fine tuning price of LEP, Phys. Lett. B 433 (1998)
63 [hep-ph/9801353] [INSPIRE].

L. Giusti, A. Romanino and A. Strumia, Natural ranges of supersymmetric signals, Nucl.
Phys. B 550 (1999) 3 [hep-ph/9811386] [INSPIRE].

J.A. Casas, J.R. Espinosa and 1. Hidalgo, The MSSM fine tuning problem: a way out,
JHEP 01 (2004) 008 [hep-ph/0310137] [INSPIRE].

J.A. Casas, J.R. Espinosa and 1. Hidalgo, A relief to the supersymmetric fine tuning
problem, in String phenomenology. Proceedings, 2™ International Conference, Durham
U.K., 29 July—4 August 2003, pg. 76 [hep-ph/0402017] [INSPIRE].

J.A. Casas, J.R. Espinosa and I. Hidalgo, Implications for new physics from fine-tuning
arguments. 1. Application to SUSY and seesaw cases, JHEP 11 (2004) 057
[hep-ph/0410298] [INSPIRE].

J.A. Casas, J.R. Espinosa and I. Hidalgo, Fxpectations for LHC from naturalness: modified
versus SM Higgs sector, Nucl. Phys. B 777 (2007) 226 [hep-ph/0607279] [INSPIRE].

R. Kitano and Y. Nomura, A solution to the supersymmetric fine-tuning problem within the
MSSM, Phys. Lett. B 631 (2005) 58 [hep-ph/0509039] [INSPIRE].

P. Athron and D.J. Miller, A new measure of fine tuning, Phys. Rev. D 76 (2007) 075010
[arXiv:0705.2241] [NSPIRE].

F. Feroz, M.P. Hobson, E. Cameron and A.N. Pettitt, Importance nested sampling and the
MultiNest algorithm, arXiv:1306.2144 [INSPIRE].

F. Feroz and M.P. Hobson, Multimodal nested sampling: an efficient and robust alternative
to MCMC methods for astronomical data analysis, Mon. Not. Roy. Astron. Soc. 384 (2008)
449 [arXiv:0704.3704] [INSPIRE].

F. Feroz, M.P. Hobson and M. Bridges, MultiNest: an efficient and robust Bayesian
inference tool for cosmology and particle physics, Mon. Not. Roy. Astron. Soc. 398 (2009)
1601 [arXiv:0809.3437] [INSPIRE].

A. Fowlie and M.H. Bardsley, Superplot: a graphical interface for plotting and analysing
MultiNest output, Eur. Phys. J. Plus 131 (2016) 391 [arXiv:1603.00555] INSPIRE].

— 492 —


https://doi.org/10.1007/JHEP06(2013)113
https://arxiv.org/abs/1303.5386
https://inspirehep.net/search?p=find+EPRINT+arXiv:1303.5386
https://doi.org/10.1016/0370-2693(95)00051-L
https://arxiv.org/abs/hep-ph/9409419
https://inspirehep.net/search?p=find+EPRINT+hep-ph/9409419
https://doi.org/10.1103/PhysRevD.52.1693
https://arxiv.org/abs/hep-ph/9412322
https://inspirehep.net/search?p=find+EPRINT+hep-ph/9412322
https://doi.org/10.1103/PhysRevD.53.2403
https://doi.org/10.1103/PhysRevD.53.2403
https://arxiv.org/abs/hep-ph/9509212
https://inspirehep.net/search?p=find+EPRINT+hep-ph/9509212
https://doi.org/10.1103/PhysRevD.55.2950
https://arxiv.org/abs/hep-ph/9609463
https://inspirehep.net/search?p=find+EPRINT+hep-ph/9609463
https://doi.org/10.1016/S0550-3213(97)00138-7
https://doi.org/10.1016/S0550-3213(97)00138-7
https://arxiv.org/abs/hep-ph/9611204
https://inspirehep.net/search?p=find+EPRINT+hep-ph/9611204
https://doi.org/10.1016/S0370-2693(98)00577-2
https://doi.org/10.1016/S0370-2693(98)00577-2
https://arxiv.org/abs/hep-ph/9801353
https://inspirehep.net/search?p=find+EPRINT+hep-ph/9801353
https://doi.org/10.1016/S0550-3213(99)00153-4
https://doi.org/10.1016/S0550-3213(99)00153-4
https://arxiv.org/abs/hep-ph/9811386
https://inspirehep.net/search?p=find+EPRINT+hep-ph/9811386
https://doi.org/10.1088/1126-6708/2004/01/008
https://arxiv.org/abs/hep-ph/0310137
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0310137
https://arxiv.org/abs/hep-ph/0402017
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0402017
https://doi.org/10.1088/1126-6708/2004/11/057
https://arxiv.org/abs/hep-ph/0410298
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0410298
https://doi.org/10.1016/j.nuclphysb.2007.04.024
https://arxiv.org/abs/hep-ph/0607279
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0607279
https://doi.org/10.1016/j.physletb.2005.10.003
https://arxiv.org/abs/hep-ph/0509039
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0509039
https://doi.org/10.1103/PhysRevD.76.075010
https://arxiv.org/abs/0705.2241
https://inspirehep.net/search?p=find+EPRINT+arXiv:0705.2241
https://arxiv.org/abs/1306.2144
https://inspirehep.net/search?p=find+EPRINT+arXiv:1306.2144
https://doi.org/10.1111/j.1365-2966.2007.12353.x
https://doi.org/10.1111/j.1365-2966.2007.12353.x
https://arxiv.org/abs/0704.3704
https://inspirehep.net/search?p=find+EPRINT+arXiv:0704.3704
https://doi.org/10.1111/j.1365-2966.2009.14548.x
https://doi.org/10.1111/j.1365-2966.2009.14548.x
https://arxiv.org/abs/0809.3437
https://inspirehep.net/search?p=find+EPRINT+arXiv:0809.3437
https://doi.org/10.1140/epjp/i2016-16391-0
https://arxiv.org/abs/1603.00555
https://inspirehep.net/search?p=find+EPRINT+arXiv:1603.00555

	Introduction
	Bayesian inference
	Fine-tuning in the Standard Model
	Supersymmetric models
	Models
	Semi-constrained NMSSM
	CMSSM

	Likelihood and priors
	Effective naturalness priors

	Comparison to other fine-tuning measures
	Numerical methods

	Results and discussion
	Conclusions
	CMSSM and NMSSM Jacobians
	CMSSM Jacobian
	NMSSM Jacobian

	EW fine-tuning contributions

