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ABSTRACT: We analyse the naturalness of the Minimal Supersymmetric Standard Model
(MSSM) in the light of recent LHC results from the ATLAS and CMS experiments. We
study non-universal boundary conditions for the scalar and the gaugino sector, with fixed
relations between some of the soft breaking parameters, and find a significant reduction of
fine-tuning for non-universal gaugino masses. For a Higgs mass of about 125 GeV, as ob-
served recently, we find parameter regions with a fine-tuning of O (10), taking into account
experimental and theoretical uncertainties. These regions also survive after comparison
with simplified model searches in ATLAS and CMS. For a fine-tuning less than 20 the
lightest neutralino is expected to be lighter than about 400 GeV and the lighter stop can
be as heavy as 3.5TeV. On the other hand, the gluino mass is required to be above
1.5 TeV. For non-universal gaugino masses, we discuss which fixed GUT scale ratios can
lead to a reduced fine-tuning and find that the recent Higgs results have a strong impact
on which ratio is favoured. We also discuss the naturalness of GUT scale Yukawa relations,
comparing the non-universal MSSM with the CMSSM.

KEYWORDS: Beyond Standard Model, Supersymmetric Standard Model, GUT

ARX1v EPRINT: 1207.7236

© SISSA 2013 doi:10.1007/JHEP01(2013)187


mailto:stefan.antusch@unibas.ch
mailto:calibbi@mppmu.mpg.de
mailto:vinzenz.maurer@unibas.ch
mailto:mmonaco@sissa.it
mailto:spinrath@sissa.it
http://arxiv.org/abs/1207.7236
http://dx.doi.org/10.1007/JHEP01(2013)187

Contents

1 Introduction 1
2 Fine-tuning in the MSSM 2
2.1 Fine-tuning a la pMSSM 4
2.2 Our strategy 6
2.3 Fine-tuning from the scalar sector 6
2.4 Fine-tuning from gaugino masses and trilinear couplings 8
3 GUT scale Yukawa ratios and SUSY threshold corrections 10
4 Numerical analysis 11
4.1 Before the latest LHC Higgs and SUSY results 12
4.2 Results including the latest LHC Higgs and SUSY searches 13
4.3 Favoured non-universal gaugino mass ratios 18
5 Summary and conclusions 20

1 Introduction

Recently, the LHC experiments ATLAS and CMS have reported the discovery of a new
resonance, mainly based on excesses of events in the vy and ZZ* channels. The combined
significance amounts about 50 for both, ATLAS and CMS [1, 2]. The new particle is
compatible with the Standard Model (SM) Higgs boson with a mass of my, ~ 125 +
126 GeV [3-8]. In the context of low-energy Supersymmetry (SUSY), such a value still lies
in the predicted range of the Minimal Supersymmetric Standard Model (MSSM), provided
quite heavy top squarks (with masses 22 O (1) TeV) and/or large left-right stop mixing (see
for instance [9]) are present. Regarding direct searches for SUSY particles [10-14], based
on ~ 5fb~! of data, only negative results have been reported.

From the point of view of the MSSM, the negative results of direct SUSY searches
and the comparatively heavy Higgs mass are well consistent with each other. However,
as the main motivation for SUSY is the solution to the hierarchy problem, which naively
requires SUSY masses of the order of the electroweak symmetry breaking scale, one may
ask whether the MSSM can still accomplish this task in a natural way (or at least for
a moderate fine-tuning price). Regarding specific MSSM scenarios, it turns out that in
the constrained MSSM (CMSSM) [15-19] a significant amount of fine-tuning (at least
2 0O(100)) is unavoidable to explain a Higgs mass of my ~ 125 <+ 126 GeV. Following
our paper [20] on the CMSSM, we thus find it interesting to re-address the naturalness of



the MSSM in the context of models where certain universality assumptions on the SUSY
parameters are relaxed (e.g. for scalar and gaugino masses).

In order to envisage the most promising ways to reduce the fine-tuning, we are going to
adopt the following strategy: we start with considering a generic setup with 17 independent
parameters inspired by the phenomenological MSSM (pMSSM), in order to identify those
giving the dominant contributions to the fine-tuning. This allows us to identify the rigid
relations among the parameters which can decrease fine-tuning. After discussing several
possibilities, we will mainly focus on certain non-universal relations among gaugino masses,
whose possible impact on fine-tuning have been studied before the LHC results by [21-
23].1 In this context, we will study the interplay between the fine-tuning, the model
predictions for the light Higgs mass and the Grand Unified Theory (GUT) scale ratios of
the gaugino masses and of the third family Yukawa couplings, which are key quantities
for discriminating among different SUSY (and SUSY GUT) models. In our analysis, we
include various relevant experimental constraints, e.g. from BR(b — s7), BR(Bs — putu™)
and BR(B, — 7v,). We do not impose strict constraints from requiring that the (g —2),
deviation from the SM (currently at the level of 3.20 [38, 39]) is explained by SUSY.

The rest of the paper is organized as follows: in the next section we study in a semi-
analytic way the dependence of the electroweak scale on GUT scale boundary conditions
whose choice is inspired by the pMSSM. Thanks to this analysis we can identify regions with
low fine-tuning for certain limiting cases and identify as most promising case non-universal
gaugino masses. In section 3 we revisit briefly the dependence of GUT scale Yukawa
coupling ratios on low energy supersymmetric threshold corrections. Thereafter we make
an extensive numerical analysis of the fine-tuning in an MSSM scenario with non-universal
gaugino masses at the GUT scale and compare the results to various experimental results,
most importantly the recent discovery of a new resonance around 125 GeV compatible with
a Higgs boson. In the final section 5 we summarize and conclude.

2 Fine-tuning in the MSSM

Fine-tuning in the MSSM has been extensively discussed in the literature starting with [40].2
As we are going to follow the same approach as in our recent paper [20], we give here just
a brief summary of the most important points.

In the MSSM, by minimizing the scalar potential, the Z-boson mass can be computed
in terms of the supersymmetric Higgs parameter p and the soft SUSY breaking mass terms
of the up- and down-type Higgs doublets. For moderate and large tan 8, one finds at tree
level

%% = |2 —m?2 O (m2 2
5 pl* —miy, + (mHu’d/(tanﬂ) ) . (2.1)
The value of the low energy observable Mz can thus be obtained in terms of the fundamen-
tal parameters of the high-energy theory, by considering the renormalization group (RG)

LA recent discussion of the fine-tuning price of a 125 GeV Higgs after the first hints in December 2011
within several SUSY models has been also given in [24] (see also [25-37]).
2For an extensive list of references, see for instance [24, 41].



evolution of ;1 and my,, which are assumed to be both of the order of the SUSY breaking
mass scale, from the GUT scale down to low energy. Since experimental constraints force
the SUSY scale to be somehow larger than My, a certain amount of tuning is needed. In
order to quantify fine-tuning, the following measure has been introduced [40]

Olog Mz
dloga

| a OM?2
"~ |2M2 da

A, = ’ (2.2)

A, reflects the dependence of Mz on the variation of a given GUT-scale Lagrangian param-
eter a. This definition not only encompasses the obvious fine-tuning in g which is needed
to fulfill eq. (2.1), but it also covers the tuning needed to have a small mlzqu, while other
soft SUSY breaking parameters entering its RG evolution are relatively large. The overall
measure of fine-tuning for a given parameter point is then defined as the maximum of all
the single A,’s:

A= max A, . (2.3)

Turning to the contributions A, of the single parameters, let us first notice that the fine-
tuning in p is rather special as its low-energy value is determined by imposing the correct
M. Hence, setting aside RG effects for the moment, A, can be approximately expressed
in terms of m%u as

(2.4)

In the numerical analysis, the running of p is of course included. It turns out that in the
constrained MSSM A, is often the dominant term in A followed by the tuning in Ag, mq
and M 1/2

The discussion of fine-tuning for the other parameters is more involved as they enter
eq. (2.1) only via the RG evolution of m%{w. It is, however, possible to approximately
express m%{“ as a polynomial in terms of the high-energy parameters of the theory.

The coefficients of this polynomial depend strongly on the top Yukawa coupling and
the strong gauge coupling constant. Therefore it was argued in the literature that these
two parameters should be included in the fine-tuning measure, see, e.g. [42-45]. But since
they are measured, in contrast to the supersymmetric parameters, there exist different
approaches how to implement them into the fine-tuning measure. We will follow here the
approach to weight them with their experimental uncertainty o

Oy, QM%

A, =
QM% 8yt

Yt

, (2.5)

and similarly for the strong coupling constant. Note that we have to take the evolved
experimental error at the GUT scale, including RG running, which is bigger than the lower
energy one for the top Yukawa coupling and smaller for the strong coupling constant. In
our numerical analysis later on we use the mean values at low energies m; = 172.9 £ 0.6 £
0.9 GeV (the top quark pole mass) [46] and as(Mz) = 0.1184 £0.0007 [46] and the relative
uncertainties o,, = 4% and o,, = 0.2% at the GUT scale.



In the following we will give approximate formulas for the dependence of m%{u on the
assumed fundamental soft SUSY breaking GUT-scale parameters at low energies, which
can tell us for which choice of parameters we can expect a reduced fine-tuning. We remark
that we will not include the dependence on 1; and oy in the analytical discussion, since this
would make the formulas too involved. An analytic discussion of fine-tuning in y; and «y
is therefore beyond the scope here, but the effect will be included in the numerical analysis
as described above.

Before we come to the analytical discussion, we also like to note that fine-tuning
measures should be taken with some caution. It is a matter of individual taste how much
fine-tuning one accepts as “natural” and it also depends on the fine-tuning definition used.
Thus we want to stress that our aim here is mainly to compare different parameter regions
and only the relative fine-tuning difference between them would render a region more
attractive to us.

2.1 Fine-tuning a la pMSSM

To express m%{u in terms of high-energy parameters, our choice of the independent param-

eters is inspired by the so-called phenomenological MSSM (pMSSM) [47] (but with the
parameters defined at the GUT scale). In particular, we consider different scalar masses
for the chiral superfields of the MSSM. The first two generation sfermions are assumed
to be degenerate, while we allow a splitting for the third generation. The gaugino masses
are taken to be non-universal. Concerning the trilinears we introduce three independent
parameters: one for the up squarks, one for the down squarks and one for the charged
sleptons. The main difference to the usual pMSSM is in the Higgs sector. Namely, instead
of low scale ;1 and the CP-odd Higgs mass m4,, we take the GUT scale value of m%{u and
m%ld to be the free parameters and denote them by m,%u and m%d respectively.

The dependence of m%{u on the GUT scale parameters can be deduced from its RGE

(see e.g. [48]) and can be written as
1
m%,“ = Z aim? + 5 Z Nlb’L]Nj , (26)
7 Z7]

where the N; = (My, My, M3, Ay, Ap, A7) are assumed to be real and the matrix b;; is a
general symmetric 6x6 matrix.

To make the deviation from the universality assumption of the CMSSM more evident
we introduce the following dimensionless quantities:

na:Ma/Mg with a=1,2,3 m:Ai/Mg with i =t,b, 1. (27)

Note that the convention we use here and in the rest of the paper implies 773 = 1 and we
can recast the NV; as

Ni = M3 - (11,712,113, e, Mo ) - (2.8)

The fine-tuning measure introduced in eq. (2.3) can now be easily expressed as

A 2ai

m2 — ) Ap =max A, 2, (2.9)
K2 7 k2

2
i
2

M7,



for the scalar masses, whereas for the other soft terms we find

An — > Nibij N;

(no sum over i), An =max Ay, , (2.10)

and -
222 a;m; + 5 Zi,j N’Lb’LjN_]

AW M%

+1]. (2.11)

After this general introduction to fine-tuning a la pMSSM, we turn to expressing m%{u
at the SUSY scale for a point which corresponds to M3 = 0.6 TeV, m; = 1.5 TeV for every
i,m; = N;/Ms = (1,1,1,—5,—5,—5), tan 8 = 30 and u positive. This point is in agreement
with the Higgs mass range quoted [1, 2] and the BR(Bs — putu™) bound [49] and we find
using softSUSY 3.2.3 [50]

my;, (Msusy) = —0.0459m§~21 +0.0088mZ, — 0.0469m%, +0.0488m7 — 0.0541m’

D E1
2 2 2 2 2
—0.3347Tmg_ — 0.2500m7, — 0.0154m7, +0.0245m7 — 0.0236m7,

+0.6481mj, + 0.0273m;,,

— M2(1.2865 — 0.02161; — 0.0242n7 4 0.023012 — 0.217713 + 0.08131,7>)
+ M2(0.25217; + 0.02081;, + 0.01757,)

+ M211(0.0087n, — 0.00287; + 0.00537;,)

+ M2n5(0.08521; — 0.00867, — 0.01147,)

+ MZ(0.002277 — 0.1244n7 — 0.000172)

+ M2(0.00687n; + 0.00177n, 4+ 0.00077:7m,) | (2.12)

where 73 is set to be 1. One can already spot here the most important contributions to
come from the stops, the gluinos and the Higgs sector itself.

The coefficients a; appearing in eq. (2.6) can be directly read off from eq. (2.12). In
order to show the correlations among the parameters 7; = N; /M3 in a transparent way, we
display the coefficients b;; as a symmetric matrix:

0.0242 —0.0813 0.0216 0.0087 —0.0028 0.0053
0.2177 —0.0230 0.0852 —0.0086 —0.0114
—1.2 2521 0.02 .01
bij = 865 0.25 0.0208 0.0175 . (2.13)
—0.1244 0.0068 0.0007
0.0022 0.0017

—0.0001

Even though the coefficients a; and b;; were numerically obtained in a specific point of
the parameter space, we checked that they provide a reasonably accurate estimate of m%{u
in wide regions of parameter space. The corresponding uncertainty of the coefficients is
estimated to be of the order of 10-20%. This is good enough for the qualitative discussion
we present in the following subsections on possible strategies to reduce the fine-tuning.
Nevertheless, the results we present in section 4 are based on a full numerical analysis,
with the RGE evolution of all parameters computed in each point of the parameter space.



2.2 Our strategy

In the attempt to find SUSY models with reduced fine-tuning we assume that the under-
lying model of SUSY breaking predicts certain fixed relations between the SUSY breaking
parameters at high energy (e.g. at the GUT scale). As a consequence, cancellations among
different contributions in eq. (2.12) can occur which lead to a reduced fine-tuning. We note
that such a behaviour is a well-known property of models with universal scalar masses (like
the CMSSM), for which the coefficients a; in eq. (2.12) cancel almost completely.?

The coeflicients of the GUT scale parameters in this equation depend also strongly on
the top Yukawa coupling and the strong coupling constant, as we have already mentioned
before. Hence they can play an important role for fine-tuning as it is discussed, for instance,
in [42-45]. Following the discussions there we weight the individual fine-tuning in this
quantities by their experimental uncertainty. It turns out that the fine-tuning in the strong
coupling constant is then very small and only the fine-tuning in y; plays a role. Due to
the rather complicated dependence of the coefficients on these two parameters we will only
include their effects in the numerical results. For the semianalytical results we have fixed
y; and a, to their best-fit values, and varying them within their experimentally allowed
ranges does not change the results qualitatively.

In the light of the recent Higgs results the CMSSM unavoidably has a certain amount
of fine-tuning either from quite heavy squarks or from a large A-term (in maximal mixing
scenarios). In this paper, we therefore consider the possibility that the underlying theory
predicts different, non-universal (but fixed) boundary conditions at the GUT scale, namely
non-universal scalar masses (NUSM) and non-universal gaugino masses (NUGM). Although
such relations may not hold exactly in realistic models, they may guide towards more
natural SUSY scenarios.

2.3 Fine-tuning from the scalar sector

We now discuss possible NUSM scenarios. To start with, let us note that the situation of
universal sfermion masses in the CMSSM features a significant reduction of fine-tuning,
since an almost-complete cancellation occurs automatically for the largest contributions in

2 2
s and mg . From the

point of view of naturalness, such a fixed relation between mfb and mZ ,m?j is desirable.
u 3 3

eq. (2.12), i.e. between the term with m}%u and the terms with m

Let us now consider non-universal fixed ratios for the soft scalar masses motivated
by unified theories: if we assume that at the GUT scale the gauge interactions unify to
one single interaction then the soft masses for the various fields are not independent any-
more because they are (partially) unified in common representations. Two very prominent
paths to unification are SU(5) [57] and Pati-Salam [58], which can both be embedded
in SO(10) [59, 60]. For simplicity we assume that possible higher order GUT symmetry
breaking corrections, which might induce splittings within one representation are negligibly
small and we remind that we have set the first two generations to have the same soft SUSY
breaking masses.

3This property is known under the name of “focus point” [61-55], for a recent quantitative discussion
see, e.g. [20].



e We begin with the case of SU(5), where we find for m%lu

m, (Msusy) = —0.0012m3, +0.0019m% — 0.6083m, + 0.0091m%,
+0.6481mj  +0.0273mj, (2.14)

+ gaugino masses and trilinear terms ,

where m% stands for the masses of the tenplet of SU(5), which contains the coloured
doublet, the up-type coloured singlet and charged leptonic singlet (mél = mQUZ =
m%l = m%), and m% for the fiveplet of SU(5), which contains the down-type coloured
singlet and the leptonic doublet (mQDI = m%l = mQFZ) We allow an arbitrary splitting
from the Higgs fields from the other scalar mass parameters and also among each
other. One can clearly see that the simplest option in order not to strongly increase

2 2

the fine-tuning is to impose a fixed relation where mz & mp, holds, otherwise one

3
has to consider the fine-tuning from each parameter separately, cf. eq. (2.3).

e We come now to the Pati-Salam case for which we find

m, (Msusy) = 0.0029mF — 0.0022m?, — 0.3102m7 — 0.2890mg, + 0.6754m;j,

+ gaugino masses and trilinear terms ,
(2.15)

where in this case [ denotes the left-handed doublets (m%1 = m% = mlg_), 7 denotes
the right-handed doublets (m?]1 = mQD_ = mQE1 = m%l) and h denotes the Higgs
bi-doublet (mj = m%d = m3). The conclusions are similar to the SU(5) case. The

simplest fixed relation one can impose is m? ~ m% = m,%

l3

e Finally, let us discuss the situation in SO(10) GUTs. Here one considers the soft mass
terms for the matter fields m?; , and m%63 and for the Higgs fields m? =m? =m3,
u d

(with possible m%u # m%d from D-term splitting), obtaining

mi;, (Msusy) = —0.0031mg, — 0.5992mis, + 0.6754m3,

+ gaugino masses, trilinear terms and D-term splitting terms ,
(2.16)

which implies that again, a fixed relation beyond the ones from the GUT itself would
have to be imposed (e.g. between m?2, and m%GS) in order to strongly decrease fine-
tuning.

A few additional comments are in order. To start with, one can see that the soft
terms for the first two families enter with small coefficients into m%{u This illustrates the
well-known fact that these soft masses can be significantly larger than the third family
ones, without paying a large fine-tuning price. Furthermore, in the above discussion we
have focused on fixed relations from GUT structures. As we have already noted, with these
fixed relations alone one would increase fine-tuning compared to the CMSSM case. From



the above equations one can imagine additional fixed relations on top of these structures
which could in principle reduce fine-tuning by effectively leading to a cancellation in the
contributions to m%{u. However, we will not investigate such cases in more detail here.

Another relevant remark is that we have only discussed here “direct” effects on the
fine-tuning, i.e. the effects on the fine-tuning measure for a fixed SUSY parameter point.
We note that there are also “indirect” effects expected, i.e. when introducing a non-
universality allows to avoid certain constraints on the SUSY parameter space and makes
regions with lower fine-tuning accessible (e.g. a “compressed” spectrum helps to evade LHC
constraints [61, 62]).

Finally, let us notice that small splittings in models where the soft parameters are
universal (CMSSM-like) at the leading order and get only corrected by small additional
contributions (e.g. by higher dimensional operators in flavour models, see, for instance, [63])
can have a certain degree of non-universality without increasing the fine-tuning too much.
However, large non-universalities (O(1)) again lead back to the same situation as in the
general case & la pMSSM.

From the above equations one can imagine additional fixed relations but the simplest
possibility is to have the scalar mass parameters — at least the high energy stop and
Higgs soft masses — almost degenerate to keep the fine-tuning small, like for instance in
the CMSSM. Non-universal scalar masses tend to make the fine-tuning worse rather than
improving the situation. We will therefore not study this case numerically in more detail.

2.4 Fine-tuning from gaugino masses and trilinear couplings

Now we turn to the gaugino masses and the trilinear SUSY breaking couplings. They
appear together in the m%{u polynomial and hence should not be discussed independently.
For the sake of simplicity we assume here that the trilinear couplings are universal 7, =

M =1 =na’
In this case the m%{u polynomial reads
my;, (Msusy) = —M3 (1.2865 — 0.02167; — 0.0242nF + 0.0230n2 — 0.2177n5 + 0.0813n172)
+ M3n4(0.2904 + 0.01121; + 0.06521) — 0.1131 M2n%
+ scalar masses

= (fi(n,m2) + fa(nu,me)na + fsma) M3 + ... (2.17)

where we have again set 773 = 1. Now the question arises for which values of the parameters
the fine-tuning, as defined in egs. (2.9) and (2.11), is minimised.
The overall fine-tuning, considering only this sector is

M2
Az“z
MZ

12f3m% + fo(m.m2)nal, 518
max{ﬂfl(mﬂ?z)+f2(7717772)77A|} ‘ (2.18)

“In principle, one can reduce the fine-tuning as well by assuming definite relations between 7;, ny, and
7 just as we will demonstrate here for the gaugino mass parameters. However, the coefficients involving
7y and 7 in eq. (2.12) are very small and hence the values of n, and 1, should be very large.
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Figure 1. The two ellipses in the 7;-12 plane which minimise the fine-tuning. The red ellipse
corresponds to eq. (2.19) and the black one to eq. (2.20).

Setting these two equations to zero we find two possible solutions:

Solution 1: fi(n,n2) =0, na=20, (2.19)

fa(n1,m2)? fa(n1,m2)

o T (2.20)

Solution 2: fi(n,n2) =

With the parameters in eq. (2.17), the two solutions define two different ellipses in the

1n1-1m2 plane, see figure 1. As we will see in our numerical analysis later on this is a generic
feature of the parameter space.

As the A-terms are crucial for the prediction of the physical Higgs mass, it is interesting

to discuss the dependence on 774 in more detail. For the first solution this is trivial, while

the second solution can be written in terms of 1; and 72 depending on 74 so that we find

m = —8.0849 + 6.0757n4 F 4.95101/(2.1354 — n4) (174 — 0.0962) ,

(2.21)
T2 = —3.0681 + 2.428814 + 0.8483+/(2.1354 — 14)(na — 0.0962) ,

which gives real ratios only for 0.0962 < n4 < 2.1354. Interestingly, this implies for example
that in our benchmark point with 74 = —5 the fine-tuning cannot be made arbitrarily small
by choosing appropriate 71 and no. Still the fine-tuning can be significantly reduced: for
this benchmark point we find a minimal fine-tuning in the gaugino sector of

M2
A=495|—"3], 2.22
i (222

for 7y = —11.7 and 7 = —4.6 compared to A = 7.49|M3/M?2| for n; =ns = 1.

Note that we have discussed here the fine-tuning in M3 and n4. As we mentioned
above, there are regions of the parameter space where the fine-tuning in p is dominant.
Nevertheless, A, is also reduced by the choices of 71, n2 and n4 we have just discussed.
From eq. (2.4) we see that making |m,2lu\ small reduces the fine-tuning in p. For solution 1
this is obvious. In the case of solution 2, it is easy to check that the contribution to \m,%u|

from the gaugino masses and trilinears is set to zero, too.



The first solution for the case n4 = 0 was already found in [23] — albeit with a slightly
different notation setting 79 = 1 instead of 173 = 1 and thus giving hyperbolas instead of
ellipses. The second solution, however, was not discussed therein. Instead, in [21] a related
case was studied where also a fixed relation between the gaugino and the trilinear mass
scales was assumed, while in our analysis 174 is a free parameter. We will discuss which
GUT scale gaugino mass ratios are favoured, comparing numerical with semi-analytical

results, in section 4.

3 GUT scale Yukawa ratios and SUSY threshold corrections

In GUTs quarks and leptons are unified in representations of the GUT symmetry group,
which implies that the elements of the Yukawa matrices are generally related. As a con-
sequence, fixed ratios of quark and lepton masses are typically predicted by GUT mod-
els. These ratios are given by group theoretical Clebsch-Gordan factors and hold at the
GUT scale. For the third family, phenomenologically interesting possibilities are, e.g.,
the standard bottom-tau Yukawa unification y,/y, = 1 or the recently proposed ratio
yr/yp = 3/2 [64]. The GUT scale Yukawa ratios are thus interesting discriminators be-
tween GUT models. We are therefore also interested in which GUT-scale Yukawa coupling
relations might be preferred due to lower fine-tuning.

The phenomenological viability of GUT scale Yukawa ratios depends on SUSY thresh-
old corrections [65-68]. Here we give some short comments on this important class of
one-loop corrections to the Yukawa couplings of the down-type quarks and the charged
leptons in the MSSM, which are sizeable if tan § is large. These corrections depend on the
SUSY breaking parameters and hence the GUT scale Yukawa coupling ratios depend on
the SUSY spectrum.

For example for the bottom quark mass we can write

my = ypva(1 + € tan B) (3.1)

the correction €, being given by [69-71]

e (3.2)
where
EG__QO[JLH (u~ u~) (33)
T 3m My Qe s :
1 g/2 771M3 9/2 7
b = e 9 7 _— ~ ~
1 3g*neMs
W == -~
= T6m2 2 Helvg ) (3.5)
2
_ y; mMs ) i
Y = “T6n? 4 Hs(vg,, vay) - (3.6)

~10 -



Here u; = mfg/Mg, vp = mfz//ﬂ, wp = m?;/(n%Mg), z; = (MZM3)/p? for i = 1,2 and the
loop function Hs reads

rzlnzx ylny
I-2)z-y) (A-yly-2)

In the CMSSM one can neglect in a first approximation € and €V because they are

Hy(z,y) = (3.7)

suppressed by the small gauge couplings. In NUGM scenarios this is in general not true
anymore because the suppression might be compensated by an enhancement of the bino
or wino mass parameter compared to the gluino one. In our example point we have seen
that, for example, n; = —11.7 and 72 = —4.6 is preferred to have low fine-tuning.

Without some knowledge of the parameter space or simplifying assumptions a quantita-
tive statement is hence quite difficult. But in general one can expect significant corrections
up to 50 % for the GUT scale Yukawa coupling ratios (see, e.g. [70, 71]).

4 Numerical analysis

To improve our understanding based on the semi-analytical treatment above we now turn to
our numerical analysis. To this end we employed a modified version of softSUSY [50] to cal-
culate the SUSY spectra, GUT scale Yukawa couplings and the fine-tuning. The modifica-
tions take into account the implicit Mz dependence on the Higgs vev [72-75] and the SUSY
threshold corrections for the Yukawa couplings of all three fermion generations [65-71].

In order to compare with experimental constraints the observables BR(b — sv),
BR(Bs — u"p~) and BR(B, — 7v;) were calculated using SuperIso [76, 77]. The experi-
mental ranges we considered for such observables are: BR(b — s7) = (3554:2449)107° [78],
BR(B;, — ptp~) < 4.5-107% at 95% CL [49] and BR(B, — 7v;) = 1.41 £ 0.43 [79].
Additionally, LEP bounds [46] on sparticle masses were applied and we discard points cor-
responding to a 7 LSP and color and charge breaking (CCB) vacua. We present results
with and without the Higgs boson mass constraint included to study its impact. Applying
constraints from direct LHC SUSY searches is not straightforward and we will only show
a comparison to simplified models for illustration.

In our opinion the 3.20 level (g — 2), discrepancy from the Standard Model expecta-
tion [38, 39] is an experimental evidence that, while certainly interesting, still requires a
full experimental confirmation from next generation experiments, such as those proposed
at J-PARC [80] and at Fermilab [81]. For this reason we have not imposed constraints
from the anomalous magnetic moment of the muon. In fact in this scenario we can only
find very few and isolated points which would satisfy (¢ —2), at 20 and predict a Higgs
boson mass in agreement with the recent results, all of them corresponding to a fine-tuning
larger than O(100).

Moreover, we have not imposed constraints from neutralino relic density nor from direct
and indirect dark matter searches. Such constraints can be evaded assuming a non-standard
cosmological history or a different LSP, like the gravitino or the axino. Nevertheless, it is
interesting to note that for no < 0.57;, the lightest neutralino is dominated by its Wino (or
Higgsino) component, which implies that the relic density is strongly suppressed. In these

- 11 -



regions, on the one hand, one cannot explain dark matter by thermal relic neutralinos, but,
on the other hand, there is no overproduction of neutralino dark matter.

4.1 Before the latest LHC Higgs and SUSY results

As previously discussed, we expect to find an ellipse shaped region in the n;-1s plane where
fine-tuning is significantly lower than in other parts of the parameter space, especially when
compared to the CMSSM. To study this in detail, we scanned the NUGM parameter space
in the following region: the soft scalar mass parameters were assumed to be universal
m; = m for every ¢ and varied from 0 to 4.5 TeV, the GUT scale gluino mass M3 from 0.15
to 2TeV, and ny = 9, = 1 = na from —20 to 20 for tan 5 = 2, 10, 15, 20, ..., 60. For
the ranges of the gaugino mass ratios we took —40 < n; < 45 and —10 < 7y < 10. Both
signs for p were allowed. In the scan we have dropped all points with a fine-tuning larger
than 200.

Fine-tuning was calculated for the parameters m, u, Ag = naMs and Ms. Nominally
existing tuning in the ratios n1, 170 was neglected as we assume such relations to be rigid and
given by some underlying model. We note as a side remark that in all plots where contours
are shown instead of only points, outliers that are very far away from their neighbours are
still shown as isolated points instead of being incorporated into the contour. In addition,
unless stated otherwise, all plots show values marginalised over parameters not shown.

As we can see from figure 2a, we indeed find an ellipse that allows for quite low
fine-tuning and evades the experimental bounds. We see that the semi-analytical results
from figure 1 do not very well reproduce the numerical results but still they give a good
qualitative understanding. Compared to the CMSSM with the same experimental bounds,
we find a fine-tuning A lower than 3 instead of just below 10 [20]. In this section, we will
focus on this region of low fine-tuning and only consider points with an (71, 72) combination
lying on the ellipse defined by Apin < 10.° An approximate analytical formula for the
ellipse in figure 2a is given by

(11/15.0)2 + (172/2.6)* = 1. (4.1)

Based on this, we take a closer look at the fine-tuning dependence on the other param-
eters. In figure 2b we can clearly see that introducing non-universal gaugino masses can
significantly weaken the dependence of A, on the gaugino mass scale compared to the
CMSSM. While in the latter a fine-tuning of 20 is only possible for Mz < 400 GeV [20],
now we can go up to M3 ~ 2.2TeV. On the other hand, the fine-tuning dependence on m
(resp. mg in the CMSSM) is very much the same as expected.

Furthermore from figure 2¢ we can roughly see the same behaviour for large n4 as in
the CMSSM [20], while for small n4 from -2 to 4 we find two peaks. They lie at n4 = 0
and n4 ~ 2, which are the values for n4 required for solution 1 and the upper end of the
range quoted for solution 2, cf. egs. (2.19), (2.20).

5Depending on the other parameters these points can have a larger fine-tuning but, interestingly, this
does not significantly change the appearance of all affected plots, indicating that being on the ellipse is
indeed a necessary condition for small fine-tuning.
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Figure 2. Lowest fine-tuning in the (a) n1-12, (b) m-Ms, (¢) na-Msz and (d) y:/yp-y-/yp planes
consistent with the experimental bounds described in the text. For explanations of the parameters
see main text. The Higgs mass constraint is not included. The 1o errors on the quark masses [46]
are taken into account by scaling the data points in the last plot correspondingly.

Finally, concerning the GUT scale Yukawa coupling ratios shown in figure 2d we find
no qualitative difference compared to the CMSSM, besides the rather obvious fact that
the fine-tuning price of all ratios is greatly reduced. The comparison of the b-7 Yukawa
coupling ratio of 3/2 with the case of b-7 Yukawa unification, however, is slightly in favor
of 3/2 with a minimal fine-tuning of A ~ 5 vs. 9.

4.2 Results including the latest LHC Higgs and SUSY searches

In the light of the discovery of a possible 125126 GeV Higgs boson in current LHC
searches, it is interesting to re-analyse the consequences of non-universal gaugino masses
for naturalness of the (non-universal) MSSM. In figure 3 we show the same plots as in fig-
ure 2 with the additional experimental constraint from CMS, m;, = 125.3 £ 0.6 GeV [1, 2],
on top of which we include a theoretical uncertainty of +£3 GeV [88] for the Higgs mass
calculation at each data point.
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Figure 3. Lowest fine-tuning in the (a) n1-12, (b) m-Ms, (¢) na-Ms and (d) y:/yp-y-/ys planes
consistent with the experimental bounds described in the text. For explanations of the parameters
see main text. In comparison to figure 2 we have included the CMS experimental constraint my =
125.3 + 0.6 GeV [1, 2] and a theoretical uncertainty of +3 GeV [88] for the Higgs mass calculation
at each data point. The lo errors on the quark masses [46] are taken into account by scaling the
data points in the last plot correspondingly.

As we can see from figure 3a, non-universal gaugino masses can accommodate this
additional constraint even with a fine-tuning lower than 20 (actually just above 10 and in
a very small region of parameter space even slightly below 10). This happens e.g., around
N2 ~ 0, n1 ~ 15 and to a lesser degree also around 7; ~ 0, 172 ~ 2.6 and in the intermediate
part of the ellipse. The reasons why these regions are favoured after including the Higgs
results can readily be seen from the beta functions [48] of the stop soft masses masses and
the stop trilinear coupling at the GUT scale:

32 2
167 Bmge O —gGur M3 (g + 613 + Eﬂ%) = —g&ur M3 fo(m,m2) , (4.2a)
2 2 2(32 2 5\ _ _ o 2
167 B D —9GuTM3 3 T ) = ~9cur M3 fu(m,m2) , (4.2b)
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Figure 4. Dependence of gaugino mass contribution functions fg, fu, fa (left plot/black, left
plot/red, right plot respectively) to left-handed stop soft squared mass m%, right-handed stop soft

squared mass m2 and stop trilinear coupling A; as defined in eq. (4.2). For the ellipse of low
fine-tuning the rough form of eq. (4.1) was used and we have defined ¢ = arg(n; + in2). The
corresponding value of f, for n; = ny = 1 is shown as dashed line in the same color. Note that f,
has been rescaled by a factor 5 for illustration.

32 2
167°B4, D —g9&urMs < +6n2 + — ) = —g&urMs fa(n,me) . (4.2c)

3 157"
The functional behaviour of fqg, f, and fa with n; = r;, cos ¢, n2 = 7, sin ¢ and by means of
the approximate form of the numerically obtained ellipse of eq. (4.1), is shown in figure 4.
It can be easily seen that the gaugino mass contribution to right-handed stop masses is
greatly enhanced for the angles ¢ = 0,m, i.e. 72 = 0, |n1| ~ 15, while it is not significantly
away from the CMSSM value elsewhere. The contribution to the left-handed stop mass
on the other hand receives a smaller but still sizable enhancement over the CMSSM value,
but does not vary much along the ellipse. Additionally for ¢ = 0, i.e. 1 ~ 15 and 72 = 0,
the running contribution to A; receives a sizeable enhancement, which is present to a lesser
degree also for ¢ = 7/2, i.e. 1 = 0 and 72 ~ 2.6. For angles in the other quadrants, where
at least one 7; is negative, however, the cancellation with the large gluino mass running
contribution prevents from a similar enhancement in f4. However, in practice, these three
effects turn out to be effective only when they work in unison to obtain a high enough
Higgs mass.

We note that the changes in figure 3b are not very suprising: regions with low masses
get cut off. Also the changes in figure 3c are not unexpected, the solution with n4 > 0
is disfavoured more than the solution with n4 ~ 0, as the latter does not suffer from
the cancellation with the gluino mass contribution to the running of the top trilinear soft
term. Unsurprisingly, it is shown that either large 14 or large M3 (hence large top trilinear
coupling) is needed to accommodate a large Higgs mass.

Concerning the Yukawa coupling ratios shown in figure 3d we can see that the minimal
fine-tuning required to get to a unified b-7 Yukawa coupling ratio suffers more from the
requirement of a consistent Higgs mass than the ratio of 3/2 does. Namely after applying
the cut the fine-tuning for y,/y, = 3/2 can go down to A = 30, while y, = y, requires at
least a A of 60. This is also nicely illustrated in figure 5 where we have shown the interplay
among the Higgs mass, the GUT scale y,/y, ratio and the amount of fine-tuning.
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Figure 5. Lowest fine-tuning in the my-y, /y, plane consistent with experimental bounds described
in the text for non-universal gaugino masses (left) and universal gaugino masses (right). The
horizontal lines correspond to the 1o error of 0.6 GeV around 125.3 GeV as claimed by the CMS
collaboration [1, 2]. The lo errors on the quark masses [46] are taken into account by scaling the
data points correspondingly. In addition, a theoretical uncertainty of 3 GeV [88] for the Higgs mass
calculation at each data point is taken into account.

Another important aspect of current LHC experiments are the searches for supersym-
metric particles. Since changes of the gaugino mass ratios 71 and 7y can significantly alter
the composition of the lightest neutralino® as well as the mass splittings controlling jet
energies and missing Fr from the cascade decays, the exclusion regions for the CMSSM do
not apply anymore. A full event and detector simulation would, however, go beyond the
scope of this study; thus we make use of exclusion bounds derived in so-called simplified
models [10-14, 83-85]. For simplicity we just compare the spectra found by the numerical
scan with the most stringent bounds in several kinds of simplified models. While this is not
certainly a rigorous approach, it should give a good feeling how endangered by exclusion
each point is.

The resulting situation is shown in figure 6. As we can see in most cases only the region
with A < 3 is partially inside the excluded region, while even A < 10 extends far beyond
the bounds. Requiring a Higgs boson within 1o of the experimental measurement [1, 2]
(including 3 GeV theoretical uncertainty as explained before) excludes even more than what
direct SUSY searches do in some areas. It is thus important to note that, even in this quite
restrictive approach, all of the parameter space with high mj;, and A < 20 is safe from
being excluded by the LHC in the near future.

For future searches it is also interesting to look at the correlation between the Higgs
and several sparticle masses, which is shown in figure 7. There we can see that for low
fine-tuning relatively light neutralinos and charginos are expected. This is due to the fact
that p is small in this region, so that we expect Higgsinos to be light. We also see that the

6 Actually, low fine-tuning generally also means quite low s, so Higgsino-like lightest neutralinos and
charginos are likely.
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Figure 6. Lowest fine-tuning in various planes used for simplified models. Only points consistent
with experimental bounds described in the text are shown. In addition, for the plots on the second
and fourth line we have included the experimental constraint m; = 125.3 & 0.6 GeV [1, 2] and
a theoretical uncertainty of +3 GeV [88] for the Higgs mass calculation at each data point. The
corresponding bounds due to LHC SUSY searches are shown as thick dark red lines [10-14]. Note
that the bounds can only be used to give a general flavour on how the direct SUSY searches at
the LHC affect our results because we did not do a full detector simulation. For more details see
main text.
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Figure 7. Lowest fine-tuning shown for the Higgs mass vs. important sparticle masses including
the experimental constraint mj; = 125.3+0.6 GeV [1, 2] and a theoretical uncertainty of +3 GeV [88]
for the Higgs mass calculation at each data point.

gluinos and the lightest stop are rather heavy in our scenario with low fine-tuning (A < 20
for mg 2, 1.5TeV and m;, 2 1.0 TeV). The LHC still did not reach this parameter region
and hence the statement that the natural MSSM parameter space is already ruled out
seems to be premature.

4.3 Favoured non-universal gaugino mass ratios

Fixed non-universal gaugino mass ratios may originate from various high energy models,
for instance from GUTSs or orbifold scenarios (see, e.g. [23, 86, 87, 89] for discussions).
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mn, 1n2 Amin Origin
1,1 118  CMSSM (Gaugino Unification)
10,2 12 200 of SU(5)  [86, 87]

B2 18 770 of SO(10) — (1,1) of SU(4) x SU(2)g  [86, 87]
)

T,1 36 770 of SO(10) — (1,0) of (SU(5)" x U(1))ippea  [86, 87]
—1,3 46 210 of SO(10) — (75,0) of (SU(5)' x U(1))fippea 86, 87]
2.7 13 O-ll with dgs =—6  [23, 89)

T2 28 O-Ilwith 6gs = —7  [23, 89]

23 44 O-IIwith dgs =-5  [23, 89)

Table 1. Selected ratios and the minimal possible fine-tuning they allow after requiring the
experimental constraint my = 125.3 + 0.6 GeV [1, 2] and a theoretical uncertainty of +3 GeV [88]
for the Higgs mass calculation. Only ratios that can reduce the fine-tuning by at least 50% compared
to the unified (CMSSM) scenario are shown. For more details on the origin of these ratios, see,
e.g. [23, 86, 87, 89]. The results are illustrated graphically in figure 8.

Table 1 and figure 8 show examples of proposed fixed ratios 71,72 where we find that the
fine-tuning can be reduced by more than 50% compared to the CMSSM.

Interestingly, among the orbifold models O-II of [23, 89], from the full numerical results

including the constraints from the latest Higgs results we find that the option (n1,72) =

21 7
(53
based on analytical estimates before the Higgs results were available, the preferred ratio

) from dgg = —6 has the lowest possible fine-tuning (Apin = 13), whereas in [23],

was (n1,m2) = (?,3) from dgg = —5.7

The GUT ratio with lowest fine tuning (Amin = 12) turned out to be (71,12) = (10, 2).
For the ratios found to be favoured in [23], we find significantly higher fine-tuning, e.g.:
Ampmin = 82 for (m1,m2) = (=5,3), Apin = 141 for (n1,1m2) = (—%,—%), Amin = 143 for
(m,m2) = (1, —5).

As it can be seen as well from comparison of figure 2a and 3a, the inclusion of the
Higgs results has strong effects on the favoured non-universal gaugino mass ratios.

Finally, as discussed at the beginning of section 4, for 72 < 0.57; the neutralino is
dominated by its Wino (or Higgsino) component which implies that the relic density is
strongly suppressed and there is therefore no danger of overproducing thermal neutralino
dark matter. Among the ratios listed in table 1 this applies to (n1,7m2) = (10,2) and
(m,m2) = (%, 1). For the other ratios of table 1, 73 > 0.57; holds and, at least in principle,
thermal neutralino dark matter could be possible (for a standard thermal history of the
universe). As already mentioned, we have not applied dark matter constraints in our
analysis since they depend on the thermal history of the universe.

"Sas is a negative integer constant associated with Green-Schwarz anomaly cancellation (cf. [23, 89]).
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Figure 8. Lowest fine-tuning in the 7;-12 plane consistent the experimental constraint mj;, =
125.3+£0.6 GeV [1, 2] and a theoretical uncertainty of +3 GeV [88] for the Higgs mass calculation at
each data point. Theoretically motivated ratios that reduce the fine-tuning compared to the unified
scenario by at least 50% and the analytical expectation are also included. The CMSSM ratio is
marked as empty diamond, circles correspond to ratios derived from GUT symmetry breaking [86,
87] and squares to ratios found in the so called O-II model in [23, 89]. For details see table 1.

5 Summary and conclusions

We have re-addressed the question of the naturalness of the MSSM, in the light of the
discovery of a Higgs-like resonance recently announced by the LHC experiments [1, 2]. We
focused on models with non-universal boundary conditions of the SUSY breaking parame-
ters at high energy and compared them with the CMSSM. Our basic assumption was that
the departures from universality are a consequence of an underlying mechanism, possibly
associated to SUSY breaking or GUT dynamics, giving fixed relations among the param-
eters. In order to identify which of such relations can lead to a reduced fine-tuning, we
first considered a general high-energy parametrization of the soft terms. Then we discussed
scenarios with non-universal scalar and gaugino masses. We found this latter possibility
particularly promising (as already noticed, e.g., in [21-23]) and we thus studied it in detail,
computing numerically the fine-tuning measure A.

We found that, considering the uncertainty related to the theoretical prediction, models
with non-universal gaugino masses can account for a Higgs mass in the CMS 1o range
125.3 £ 0.6 with a fine-tuning price of O(10), in contrast to the CMSSM that requires
Amin 2 O(100). Thus the MSSM with specific gaugino mass ratios still represents a

~

comparatively natural scenario. In figure 2 and 3, we have shown the values of 9 = M7 /M3
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and n2 = My/Ms giving a low fine-tuning before and after applying a constraint on the
Higgs mass. Interestingly, some of the ratios discussed in the literature lie in (or are close
to) the new low fine-tuning region, while others are disfavoured when the new Higgs results
are included. Including the Higgs results we found that particularly favoured ratios (with
Amin = O(10)) are now, e.g., (1, n2) = (10, 2) which may originate from SU(5) GUTs and
(m,m2) = (%, %) from orbifold scenarios of type O-II with dgg = —6.

Furthermore, allowing for non-universal gaugino masses at the GUT scale, we have an-
alyzed the fine-tuning price of different values of the GUT-scale ratio y; /yp, that represents
an important handle to discriminate among different GUT models. For mj ~ 125 GeV,
we found that b-7 Yukawa unification corresponds to A 2> 60, while the alternative ratio
yr/yp = 3/2 can be realized at the price of A = 30 only.

Concerning the SUSY spectrum that is favoured by naturalness and my ~ 125 GeV,
we found that for the least tuned data points with fine-tuning A less than 20 the lightest
neutralino is expected to be lighter than about 400 GeV and the lighter stop can be as
heavy as 3.5TeV. On the other hand, the gluino mass is required to be above 1.5 TeV.
Comparing the predicted spectra with the LHC exclusions derived in a set of simplified
models, we could conclude that the regions of lowest fine-tuning are at present only poorly
constrained by direct SUSY searches at the LHC.

Let us finally remark that, although the CMSSM is certainly challenged from the fine-
tuning point of view by a Higgs mass of mj, ~ 125 GeV, more general realizations of the
MSSM, like the examples studied here, can still provide a relatively natural solution of the
hierarchy problem and will probably require several years of data taking before being fully
tested at the LHC.

Acknowledgments

S.A. and V.M. were supported by the Swiss National Science Foundation. S.A. and M.S.
acknowledge partial support from the European Union under FP7 ITN INVISIBLES (Marie
Curie Actions, PITN-GA-2011-289442).

References

[1] 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].

[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].

[3] T. Corbett, O. Eboli, J. Gonzalez-Fraile and M. Gonzalez-Garcia, Constraining anomalous
Higgs interactions, Phys. Rev. D 86 (2012) 075013 [arXiv:1207.1344] [InSPIRE].

[4] P.P. Giardino, K. Kannike, M. Raidal and A. Strumia, Is the resonance at 125 GeV the
Higgs boson?, Phys. Lett. B 718 (2012) 469 [arXiv:1207.1347] [INnSPIRE].

[5] J. Ellis and T. You, Global Analysis of the Higgs Candidate with Mass ~ 125 GeV, JHEP 09
(2012) 123 [arXiv:1207.1693] [NSPIRE].

— 21 —


http://dx.doi.org/10.1016/j.physletb.2012.08.020
http://arxiv.org/abs/1207.7214
http://inspirehep.net/search?p=find+EPRINT+arXiv:1207.7214
http://dx.doi.org/10.1016/j.physletb.2012.08.021
http://arxiv.org/abs/1207.7235
http://inspirehep.net/search?p=find+EPRINT+arXiv:1207.7235
http://dx.doi.org/10.1103/PhysRevD.86.075013
http://arxiv.org/abs/1207.1344
http://inspirehep.net/search?p=find+EPRINT+arXiv:1207.1344
http://dx.doi.org/10.1016/j.physletb.2012.10.042
http://arxiv.org/abs/1207.1347
http://inspirehep.net/search?p=find+EPRINT+arXiv:1207.1347
http://dx.doi.org/10.1007/JHEP09(2012)123
http://dx.doi.org/10.1007/JHEP09(2012)123
http://arxiv.org/abs/1207.1693
http://inspirehep.net/search?p=find+EPRINT+arXiv:1207.1693

[6]

M. Montull and F. Riva, Higgs discovery: the beginning or the end of natural EWSB?, JHEP
11 (2012) 018 [arXiv:1207.1716] [INSPIRE].

J. Espinosa, C. Grojean, M. Muhlleitner and M. Trott, First Glimpses at Higgs’ face, JHEP
12 (2012) 045 [arXiv:1207.1717) NSPIRE].

D. Carmi, A. Falkowski, E. Kuflik, T. Volansky and J. Zupan, Higgs After the Discovery: A
Status Report, JHEP 10 (2012) 196 [arXiv:1207.1718] [INSPIRE].

A. Arbey, M. Battaglia, A. Djouadi, F. Mahmoudi and J. Quevillon, Implications of a 125
GeV Higgs for supersymmetric models, Phys. Lett. B 708 (2012) 162 [arXiv:1112.3028]
[INSPIRE].

CMS collaboration, Search for physics beyond the standard model in events with a Z boson,
jets and missing transverse energy in pp collisions at \/s =7 TeV, Phys. Lett. B 716 (2012)
260 [arXiv:1204.3774] [INSPIRE].

ATLAS collaboration, Search for squarks and gluinos using final states with jets and missing
transverse momentum with the ATLAS detector in \/s =T TeV proton-proton collisions,
Phys. Lett. B 710 (2012) 67 [arXiv:1109.6572] [INSPIRE].

ATLAS collaboration, Search for gluinos in events with two same-sign leptons, jets and
missing transverse momentum with the ATLAS detector in pp collisions at /s =7 TeV,
Phys. Rev. Lett. 108 (2012) 241802 [arXiv:1203.5763] [InSPIRE].

ATLAS collaboration, Search for supersymmetry in pp collisions at /s =7 TeV in final
states with missing transverse momentum and b~ jets with the ATLAS detector, Phys. Rev.
D 85 (2012) 112006 [arXiv:1203.6193] [INSPIRE].

ATLAS collaboration, Search for scalar bottom pair production with the ATLAS detector in
pp Collisions at \/s =7 TeV, Phys. Rev. Lett. 108 (2012) 181802 [arXiv:1112.3832]
[INSPIRE].

A H. Chamseddine, R.L. Arnowitt and P. Nath, Locally Supersymmetric Grand Unification,
Phys. Rev. Lett. 49 (1982) 970 [INSPIRE].

R. Barbieri, S. Ferrara and C.A. Savoy, Gauge Models with Spontaneously Broken Local
Supersymmetry, Phys. Lett. B 119 (1982) 343 [INSPIRE].

L.E. Ibafiez, Locally Supersymmetric SU(5) Grand Unification, Phys. Lett. B 118 (1982) 73
[INSPIRE].

L.J. Hall, J.D. Lykken and S. Weinberg, Supergravity as the Messenger of Supersymmetry
Breaking, Phys. Rev. D 27 (1983) 2359 INSPIRE].

N. Ohta, Grand unified theories based on local supersymmetry, Prog. Theor. Phys. 70 (1983)
542 [INSPIRE].

S. Antusch, L. Calibbi, V. Maurer, M. Monaco and M. Spinrath, Naturalness and GUT Scale
Yukawa Coupling Ratios in the CMSSM, Phys. Rev. D 85 (2012) 035025 [arXiv:1111.6547]
[INSPIRE].

H. Abe, T. Kobayashi and Y. Omura, Relazed fine-tuning in models with non-universal
gaugino masses, Phys. Rev. D 76 (2007) 015002 [hep-ph/0703044] [nSPIRE].

I. Gogoladze, M.U. Rehman and Q. Shafi, Amelioration of Little Hierarchy Problem in
SU4). x SU(2), x SU(2)g, Phys. Rev. D 80 (2009) 105002 [arXiv:0907.0728] [INSPIRE].

- 29 —


http://dx.doi.org/10.1007/JHEP11(2012)018
http://dx.doi.org/10.1007/JHEP11(2012)018
http://arxiv.org/abs/1207.1716
http://inspirehep.net/search?p=find+EPRINT+arXiv:1207.1716
http://dx.doi.org/10.1007/JHEP12(2012)045
http://dx.doi.org/10.1007/JHEP12(2012)045
http://arxiv.org/abs/1207.1717
http://inspirehep.net/search?p=find+EPRINT+arXiv:1207.1717
http://dx.doi.org/10.1007/JHEP10(2012)196
http://arxiv.org/abs/1207.1718
http://inspirehep.net/search?p=find+EPRINT+arXiv:1207.1718
http://dx.doi.org/10.1016/j.physletb.2012.01.053
http://arxiv.org/abs/1112.3028
http://inspirehep.net/search?p=find+EPRINT+arXiv:1112.3028
http://dx.doi.org/10.1016/j.physletb.2012.08.026
http://dx.doi.org/10.1016/j.physletb.2012.08.026
http://arxiv.org/abs/1204.3774
http://inspirehep.net/search?p=find+EPRINT+arXiv:1204.3774
http://dx.doi.org/10.1016/j.physletb.2012.02.051
http://arxiv.org/abs/1109.6572
http://inspirehep.net/search?p=find+EPRINT+arXiv:1109.6572
http://dx.doi.org/10.1103/PhysRevLett.108.241802
http://arxiv.org/abs/1203.5763
http://inspirehep.net/search?p=find+EPRINT+arXiv:1203.5763
http://dx.doi.org/10.1103/PhysRevD.85.112006
http://dx.doi.org/10.1103/PhysRevD.85.112006
http://arxiv.org/abs/1203.6193
http://inspirehep.net/search?p=find+EPRINT+arXiv:1203.6193
http://dx.doi.org/10.1103/PhysRevLett.108.181802
http://arxiv.org/abs/1112.3832
http://inspirehep.net/search?p=find+EPRINT+arXiv:1112.3832
http://dx.doi.org/10.1103/PhysRevLett.49.970
http://inspirehep.net/search?p=find+J+Phys.Rev.Lett.,49,970
http://dx.doi.org/10.1016/0370-2693(82)90685-2
http://inspirehep.net/search?p=find+J+Phys.Lett.,B119,343
http://dx.doi.org/10.1016/0370-2693(82)90604-9
http://inspirehep.net/search?p=find+J+Phys.Lett.,B118,73
http://dx.doi.org/10.1103/PhysRevD.27.2359
http://inspirehep.net/search?p=find+J+Phys.Rev.,D27,2359
http://dx.doi.org/10.1143/PTP.70.542
http://dx.doi.org/10.1143/PTP.70.542
http://inspirehep.net/search?p=find+J+Prog.Theor.Phys.,70,542
http://dx.doi.org/10.1103/PhysRevD.85.035025
http://arxiv.org/abs/1111.6547
http://inspirehep.net/search?p=find+EPRINT+arXiv:1111.6547
http://dx.doi.org/10.1103/PhysRevD.76.015002
http://arxiv.org/abs/hep-ph/0703044
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0703044
http://dx.doi.org/10.1103/PhysRevD.80.105002
http://arxiv.org/abs/0907.0728
http://inspirehep.net/search?p=find+EPRINT+arXiv:0907.0728

[23]

[24]

[25]

[26]

[27]

28]

[29]

[30]

[31]

[32]

[33]

[34]
[35]

D. Horton and G. Ross, Naturalness and Focus Points with Non-Universal Gaugino Masses,
Nucl. Phys. B 830 (2010) 221 [arXiv:0908.0857| [INSPIRE].

D.M. Ghilencea, H.M. Lee and M. Park, Tuning supersymmetric models at the LHC: A
comparative analysis at two-loop level, JHEP 07 (2012) 046 [arXiv:1203.0569] [INSPIRE].

F. Brummer and W. Buchmiiller, The Fermi scale as a focus point of high-scale gauge
mediation, JHEP 05 (2012) 006 [arXiv:1201.4338] [INSPIRE].

L.J. Hall, D. Pinner and J.T. Ruderman, A Natural SUSY Higgs Near 126 GeV, JHEP 04
(2012) 131 [arXiv:1112.2703] [INSPIRE].

A. Arvanitaki and G. Villadoro, A Non Standard Model Higgs at the LHC as a Sign of
Naturalness, JHEP 02 (2012) 144 [arXiv:1112.4835] [INSPIRE].

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

M. Asano and T. Higaki, Natural supersymmetric spectrum in mirage mediation, Phys. Rev.
D 86 (2012) 035020 [arXiv:1204.0508] [INSPIRE].

H.M. Lee, V. Sanz and M. Trott, Hitting sbottom in natural SUSY, JHEP 05 (2012) 139
[arXiv:1204.0802] [INSPIRE].

J.L. Feng and D. Sanford, A Natural 125 GeV Higgs Boson in the MSSM from Focus Point
Supersymmetry with A-Terms, Phys. Rev. D 86 (2012) 055015 [arXiv:1205.2372] INSPIRE].

K. Blum, R.T. D’Agnolo and J. Fan, Natural SUSY Predicts: Higgs Couplings, JHEP 01
(2013) 057 [arXiv:1206.5303] [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].

L. Randall and M. Reece, Single-Scale Natural SUSY, arXiv:1206.6540 [INSPIRE].

B. Kyae and J.-C. Park, A Singlet-Extension of the MSSM for 125 GeV Higgs with the Least
Tuning, arXiv:1207.3126 [INSPIRE].

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].

P. Grothaus, M. Lindner and Y. Takanishi, Naturalness of Neutralino Dark Matter,
arXiv:1207.4434 [INSPIRE].

M. Passera, W. Marciano and A. Sirlin, The Muon g — 2 and the bounds on the Higgs boson
mass, Phys. Rev. D 78 (2008) 013009 [arXiv:0804.1142] INSPIRE].

K. Hagiwara, R. Liao, A.D. Martin, D. Nomura and T. Teubner, (g — 2),,u and a(M32)
re-evaluated using new precise data, J. Phys. G 38 (2011) 085003 [arXiv:1105.3149]
[INSPIRE].

R. Barbieri and G. Giudice, Upper Bounds on Supersymmetric Particle Masses, Nucl. Phys.
B 306 (1988) 63 [INSPIRE].

M. Papucci, J.T. Ruderman and A. Weiler, Natural SUSY Endures, JHEP 09 (2012) 035
[arXiv:1110.6926] [INSPIRE].

B. de Carlos and J. 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].

~93 -


http://dx.doi.org/10.1016/j.nuclphysb.2009.12.031
http://arxiv.org/abs/0908.0857
http://inspirehep.net/search?p=find+EPRINT+arXiv:0908.0857
http://dx.doi.org/10.1007/JHEP07(2012)046
http://arxiv.org/abs/1203.0569
http://inspirehep.net/search?p=find+EPRINT+arXiv:1203.0569
http://dx.doi.org/10.1007/JHEP05(2012)006
http://arxiv.org/abs/1201.4338
http://inspirehep.net/search?p=find+EPRINT+arXiv:1201.4338
http://dx.doi.org/10.1007/JHEP04(2012)131
http://dx.doi.org/10.1007/JHEP04(2012)131
http://arxiv.org/abs/1112.2703
http://inspirehep.net/search?p=find+EPRINT+arXiv:1112.2703
http://dx.doi.org/10.1007/JHEP02(2012)144
http://arxiv.org/abs/1112.4835
http://inspirehep.net/search?p=find+EPRINT+arXiv:1112.4835
http://dx.doi.org/10.1007/JHEP11(2012)024
http://arxiv.org/abs/1201.5305
http://inspirehep.net/search?p=find+EPRINT+arXiv:1201.5305
http://dx.doi.org/10.1103/PhysRevD.86.035020
http://dx.doi.org/10.1103/PhysRevD.86.035020
http://arxiv.org/abs/1204.0508
http://inspirehep.net/search?p=find+EPRINT+arXiv:1204.0508
http://dx.doi.org/10.1007/JHEP05(2012)139
http://arxiv.org/abs/1204.0802
http://inspirehep.net/search?p=find+EPRINT+arXiv:1204.0802
http://dx.doi.org/10.1103/PhysRevD.86.055015
http://arxiv.org/abs/1205.2372
http://inspirehep.net/search?p=find+EPRINT+arXiv:1205.2372
http://dx.doi.org/10.1007/JHEP01(2013)057
http://dx.doi.org/10.1007/JHEP01(2013)057
http://arxiv.org/abs/1206.5303
http://inspirehep.net/search?p=find+EPRINT+arXiv:1206.5303
http://dx.doi.org/10.1103/PhysRevD.86.075015
http://arxiv.org/abs/1206.5800
http://inspirehep.net/search?p=find+EPRINT+arXiv:1206.5800
http://arxiv.org/abs/1206.6540
http://inspirehep.net/search?p=find+EPRINT+arXiv:1206.6540
http://arxiv.org/abs/1207.3126
http://inspirehep.net/search?p=find+EPRINT+arXiv:1207.3126
http://dx.doi.org/10.1103/PhysRevLett.109.161802
http://arxiv.org/abs/1207.3343
http://inspirehep.net/search?p=find+EPRINT+arXiv:1207.3343
http://arxiv.org/abs/1207.4434
http://inspirehep.net/search?p=find+EPRINT+arXiv:1207.4434
http://dx.doi.org/10.1103/PhysRevD.78.013009
http://arxiv.org/abs/0804.1142
http://inspirehep.net/search?p=find+EPRINT+arXiv:0804.1142
http://dx.doi.org/10.1088/0954-3899/38/8/085003
http://arxiv.org/abs/1105.3149
http://inspirehep.net/search?p=find+EPRINT+arXiv:1105.3149
http://dx.doi.org/10.1016/0550-3213(88)90171-X
http://dx.doi.org/10.1016/0550-3213(88)90171-X
http://inspirehep.net/search?p=find+J+Nucl.Phys.,B306,63
http://dx.doi.org/10.1007/JHEP09(2012)035
http://arxiv.org/abs/1110.6926
http://inspirehep.net/search?p=find+EPRINT+arXiv:1110.6926
http://dx.doi.org/10.1016/0370-2693(93)90940-J
http://arxiv.org/abs/hep-ph/9303291
http://inspirehep.net/search?p=find+EPRINT+hep-ph/9303291

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

[44] A. Romanino and A. Strumia, Are heavy scalars natural in minimal supergravity?, Phys.
Lett. B 487 (2000) 165 [hep-ph/9912301] [NSPIRE].

[45] J.L. Feng and K.T. Matchev, Focus point supersymmetry: Proton decay, flavor and
CP-violation and the Higgs boson mass, Phys. Rev. D 63 (2001) 095003 [hep-ph/0011356]
[INSPIRE].

[46] PARTICLE DATA GROUP collaboration, K. Nakamura et al., Review of particle physics, J.
Phys. G 37 (2010) 075021 [nSPIRE].

[47] MSSM WORKING GROUP collaboration, A. Djouadi et al., The Minimal supersymmetric
standard model: Group summary report, hep~ph/9901246 [INSPIRE].

[48] S.P. Martin and M.T. Vaughn, Two loop renormalization group equations for soft
supersymmetry breaking couplings, Phys. Rev. D 50 (1994) 2282 [Erratum ibid. D 78 (2008)
039903] [hep-ph/9311340] [INSPIRE].

[49] LHCB collaboration, Strong constraints on the rare decays Bs — ptu~ and B® — ptu~,
Phys. Rev. Lett. 108 (2012) 231801 [arXiv:1203.4493] [INSPIRE].

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

[61] 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].

[52] 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] [INSPIRE].

[63] 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].

[54] S. Akula, M. Liu, P. Nath and G. Peim, Naturalness, Supersymmetry and Implications for
LHC and Dark Matter, Phys. Lett. B 709 (2012) 192 [arXiv:1111.4589] [INSPIRE].

[65] S. Akula, B. Altunkaynak, D. Feldman, P. Nath and G. Peim, Higgs Boson Mass Predictions
in SUGRA Unification, Recent LHC-7 Results and Dark Matter, Phys. Rev. D 85 (2012)
075001 [arXiv:1112.3645] INSPIRE].

[56] CDF, DO collaborations, T.T. E:-W. Group, Combination of CDF and D0 Results on the
Mass of the Top Quark Using Up to 5.6 fb=' of Data, arXiv:1007.3178 [INSPIRE].

[67] H. Georgi and S. Glashow, Unity of All Elementary Particle Forces, Phys. Rev. Lett. 32
(1974) 438 [INSPIRE].

[58] J.C. Pati and A. Salam, Lepton Number as the Fourth Color, Phys. Rev. D 10 (1974) 275
[Erratum ibid. D 11 (1975) 703] [iInSPIRE].

[59] H. Georgi, The State of the Art - Gauge Theories. (Talk), AIP Conf. Proc. 23 (1975) 575.

[60] H. Fritzsch and P. Minkowski, Unified Interactions of Leptons and Hadrons, Annals Phys. 93
(1975) 193 [INSPIRE].

[61] A. Arbey, M. Battaglia and F. Mahmoudi, Implications of LHC Searches on SUSY Particle
Spectra: The pMSSM Parameter Space with Neutralino Dark Matter, Eur. Phys. J. C 72
(2012) 1847 [arXiv:1110.3726] [INSPIRE].

—94 —


http://dx.doi.org/10.1016/S0550-3213(99)00153-4
http://dx.doi.org/10.1016/S0550-3213(99)00153-4
http://arxiv.org/abs/hep-ph/9811386
http://inspirehep.net/search?p=find+EPRINT+hep-ph/9811386
http://dx.doi.org/10.1016/S0370-2693(00)00806-6
http://dx.doi.org/10.1016/S0370-2693(00)00806-6
http://arxiv.org/abs/hep-ph/9912301
http://inspirehep.net/search?p=find+EPRINT+hep-ph/9912301
http://dx.doi.org/10.1103/PhysRevD.63.095003
http://arxiv.org/abs/hep-ph/0011356
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0011356
http://dx.doi.org/10.1088/0954-3899/37/7A/075021
http://dx.doi.org/10.1088/0954-3899/37/7A/075021
http://inspirehep.net/search?p=find+J+J.Phys.,G37,075021
http://arxiv.org/abs/hep-ph/9901246
http://inspirehep.net/search?p=find+EPRINT+hep-ph/9901246
http://dx.doi.org/10.1103/PhysRevD.50.2282
http://arxiv.org/abs/hep-ph/9311340
http://inspirehep.net/search?p=find+EPRINT+hep-ph/9311340
http://dx.doi.org/10.1103/PhysRevLett.108.231801
http://arxiv.org/abs/1203.4493
http://inspirehep.net/search?p=find+EPRINT+arXiv:1203.4493
http://dx.doi.org/10.1016/S0010-4655(01)00460-X
http://dx.doi.org/10.1016/S0010-4655(01)00460-X
http://arxiv.org/abs/hep-ph/0104145
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0104145
http://dx.doi.org/10.1103/PhysRevD.58.096004
http://dx.doi.org/10.1103/PhysRevD.58.096004
http://arxiv.org/abs/hep-ph/9710473
http://inspirehep.net/search?p=find+EPRINT+hep-ph/9710473
http://dx.doi.org/10.1103/PhysRevLett.84.2322
http://arxiv.org/abs/hep-ph/9908309
http://inspirehep.net/search?p=find+EPRINT+hep-ph/9908309
http://dx.doi.org/10.1103/PhysRevD.61.075005
http://arxiv.org/abs/hep-ph/9909334
http://inspirehep.net/search?p=find+EPRINT+hep-ph/9909334
http://dx.doi.org/10.1016/j.physletb.2012.01.077
http://arxiv.org/abs/1111.4589
http://inspirehep.net/search?p=find+EPRINT+arXiv:1111.4589
http://dx.doi.org/10.1103/PhysRevD.85.075001
http://dx.doi.org/10.1103/PhysRevD.85.075001
http://arxiv.org/abs/1112.3645
http://inspirehep.net/search?p=find+EPRINT+arXiv:1112.3645
http://arxiv.org/abs/1007.3178
http://inspirehep.net/search?p=find+EPRINT+arXiv:1007.3178
http://dx.doi.org/10.1103/PhysRevLett.32.438
http://dx.doi.org/10.1103/PhysRevLett.32.438
http://inspirehep.net/search?p=find+J+Phys.Rev.Lett.,32,438
http://dx.doi.org/10.1103/PhysRevD.10.275
http://inspirehep.net/search?p=find+J+Phys.Rev.,D10,275
http://link.aip.org/link/doi/10.1063/1.2947450
http://dx.doi.org/10.1016/0003-4916(75)90211-0
http://dx.doi.org/10.1016/0003-4916(75)90211-0
http://inspirehep.net/search?p=find+J+AnnalsPhys.,93,193
http://dx.doi.org/10.1140/epjc/s10052-011-1847-3
http://dx.doi.org/10.1140/epjc/s10052-011-1847-3
http://arxiv.org/abs/1110.3726
http://inspirehep.net/search?p=find+EPRINT+arXiv:1110.3726

[62]

[63]

[64]

[69]

[70]

[71]

[72]

(73]

[74]

[75]

H.K. Dreiner, M. Kramer and J. Tattersall, How low can SUSY go? Matching, monojets and
compressed spectra, Europhys. Lett. 99 (2012) 61001 [arXiv:1207.1613] NnSPIRE].

S. Antusch, L. Calibbi, V. Maurer and M. Spinrath, From Flavour to SUSY Flavour Models,
Nucl. Phys. B 852 (2011) 108 [arXiv:1104.3040] [INSPIRE].

S. Antusch and M. Spinrath, New GUT predictions for quark and lepton mass ratios
confronted with phenomenology, Phys. Rev. D 79 (2009) 095004 [arXiv:0902.4644|
[INSPIRE].

L.J. Hall, R. Rattazzi and U. Sarid, The Top quark mass in supersymmetric SO(10)
unification, Phys. Rev. D 50 (1994) 7048 [hep-ph/9306309] [INSPIRE].

M.S. Carena, M. Olechowski, S. Pokorski and C. Wagner, Electroweak symmetry breaking and
bottom-top Yukawa unification, Nucl. Phys. B 426 (1994) 269 [hep-ph/9402253] [INSPIRE].

R. Hempfling, Yukawa coupling unification with supersymmetric threshold corrections, Phys.
Rev. D 49 (1994) 6168 [INSPIRE].

T. Blazek, S. Raby and S. Pokorski, Finite supersymmetric threshold corrections to CKM
matrixz elements in the large tan Beta regime, Phys. Rev. D 52 (1995) 4151
[hep-ph/9504364] [INSPIRE].

A. Freitas, E. Gasser and U. Haisch, Supersymmetric large tan 8 corrections to AMg s and
Ba,s — ptu~ revisited, Phys. Rev. D 76 (2007) 014016 [hep-ph/0702267] [iNSPIRE].

S. Antusch and M. Spinrath, Quark and lepton masses at the GUT scale including SUSY
threshold corrections, Phys. Rev. D 78 (2008) 075020 [arXiv:0804.0717] [INSPIRE].

M. Spinrath, New Aspects of Flavour Model Building in Supersymmetric Grand Unification,
arXiv:1009.2511 [NSPIRE].

S. Cassel, D. Ghilencea and G. Ross, Fine tuning as an indication of physics beyond the
MSSM, Nucl. Phys. B 825 (2010) 203 [arXiv:0903.1115] [NSPIRE].

S. Cassel, D. Ghilencea and G. Ross, Testing SUSY, Phys. Lett. B 687 (2010) 214
[arXiv:0911.1134] [INSPIRE].

S. Cassel, D. Ghilencea and G. Ross, Testing SUSY at the LHC: Electroweak and Dark
matter fine tuning at two-loop order, Nucl. Phys. B 835 (2010) 110 [arXiv:1001.3884]
[INSPIRE].

S. Cassel, D. Ghilencea, S. Kraml, A. Lessa and G. Ross, Fine-tuning implications for
complementary dark matter and LHC SUSY searches, JHEP 05 (2011) 120
[arXiv:1101.4664] [INSPIRE].

[76] F. Mahmoudi, Superlso: A Program for calculating the isospin asymmetry of B — K*v in

the MSSM, Comput. Phys. Commun. 178 (2008) 745 [arXiv:0710.2067] [NSPIRE].

[77] F. Mahmoudi, Superlso v2.3: A Program for calculating flavor physics observables in

[78]

[79]

[80]

Supersymmetry, Comput. Phys. Commun. 180 (2009) 1579 [arXiv:0808.3144] [INSPIRE].

HeAvY FLAVOR AVERAGING GROUP collaboration, D. Asner et al., Averages of b-hadron,
c-hadron and T-lepton Properties, arXiv:1010.1589 [INSPIRE].

HeAavY FLAVOR AVERAGING GROUP collaboration, E. Barberio et al., Averages of b—hadron
and c—hadron Properties at the End of 2007, arXiv:0808.1297 [INSPIRE].

J-PARC G-2 collaboration, T. Mibe, New g — 2 experiment at J-PARC, Chin. Phys. C 34
(2010) 745 [INSPIRE].

— 95—


http://dx.doi.org/10.1209/0295-5075/99/61001
http://arxiv.org/abs/1207.1613
http://inspirehep.net/search?p=find+EPRINT+arXiv:1207.1613
http://dx.doi.org/10.1016/j.nuclphysb.2011.06.022
http://arxiv.org/abs/1104.3040
http://inspirehep.net/search?p=find+EPRINT+arXiv:1104.3040
http://dx.doi.org/10.1103/PhysRevD.79.095004
http://arxiv.org/abs/0902.4644
http://inspirehep.net/search?p=find+EPRINT+arXiv:0902.4644
http://dx.doi.org/10.1103/PhysRevD.50.7048
http://arxiv.org/abs/hep-ph/9306309
http://inspirehep.net/search?p=find+EPRINT+hep-ph/9306309
http://dx.doi.org/10.1016/0550-3213(94)90313-1
http://arxiv.org/abs/hep-ph/9402253
http://inspirehep.net/search?p=find+EPRINT+hep-ph/9402253
http://dx.doi.org/10.1103/PhysRevD.49.6168
http://dx.doi.org/10.1103/PhysRevD.49.6168
http://inspirehep.net/search?p=find+J+Phys.Rev.,D49,6168
http://dx.doi.org/10.1103/PhysRevD.52.4151
http://arxiv.org/abs/hep-ph/9504364
http://inspirehep.net/search?p=find+EPRINT+hep-ph/9504364
http://dx.doi.org/10.1103/PhysRevD.76.014016
http://arxiv.org/abs/hep-ph/0702267
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0702267
http://dx.doi.org/10.1103/PhysRevD.78.075020
http://arxiv.org/abs/0804.0717
http://inspirehep.net/search?p=find+EPRINT+arXiv:0804.0717
http://arxiv.org/abs/1009.2511
http://inspirehep.net/search?p=find+EPRINT+arXiv:1009.2511
http://dx.doi.org/10.1016/j.nuclphysb.2009.09.021
http://arxiv.org/abs/0903.1115
http://inspirehep.net/search?p=find+EPRINT+arXiv:0903.1115
http://dx.doi.org/10.1016/j.physletb.2010.03.032
http://arxiv.org/abs/0911.1134
http://inspirehep.net/search?p=find+EPRINT+arXiv:0911.1134
http://dx.doi.org/10.1016/j.nuclphysb.2010.03.031
http://arxiv.org/abs/1001.3884
http://inspirehep.net/search?p=find+EPRINT+arXiv:1001.3884
http://dx.doi.org/10.1007/JHEP05(2011)120
http://arxiv.org/abs/1101.4664
http://inspirehep.net/search?p=find+EPRINT+arXiv:1101.4664
http://dx.doi.org/10.1016/j.cpc.2007.12.006
http://arxiv.org/abs/0710.2067
http://inspirehep.net/search?p=find+EPRINT+arXiv:0710.2067
http://dx.doi.org/10.1016/j.cpc.2009.02.017
http://arxiv.org/abs/0808.3144
http://inspirehep.net/search?p=find+EPRINT+arXiv:0808.3144
http://arxiv.org/abs/1010.1589
http://inspirehep.net/search?p=find+EPRINT+arXiv:1010.1589
http://arxiv.org/abs/0808.1297
http://inspirehep.net/search?p=find+EPRINT+arXiv:0808.1297
http://dx.doi.org/10.1088/1674-1137/34/6/022
http://dx.doi.org/10.1088/1674-1137/34/6/022
http://inspirehep.net/search?p=find+Chin.Phys.C,34,745

[81]

[82]

[83]

[84]

[85]

[36]

[87]

[83]

[89)]

R.M. Carey et al., The New (g — 2) Experiment: A proposal to measure the muon anomalous
magnetic moment to £0.14 ppm precision, FERMILAB-PROPOSAL-0989.

BABAR collaboration, J. Lees et al., Fvidence of B — Tv decays with hadronic B tags,
arXiv:1207.0698 [INSPIRE].

J. Alwall, P. Schuster and N. Toro, Simplified Models for a First Characterization of New
Physics at the LHC, Phys. Rev. D 79 (2009) 075020 [arXiv:0810.3921] [INnSPIRE].

D.S. Alves, E. Izaguirre and J.G. Wacker, Where the Sidewalk Ends: Jets and Missing Energy
Search Strategies for the 7 TeV LHC, JHEP 10 (2011) 012 [arXiv:1102.5338] [InSPIRE].

LHC NEw PavYsics WORKING GROUP collaboration, D. Alves et al., Simplified Models for
LHC New Physics Searches, J. Phys. G 39 (2012) 105005 [arXiv:1105.2838] [INSPIRE].

J. Chakrabortty and A. Raychaudhuri, A Note on dimension-5 operators in GUTs and their
impact, Phys. Lett. B 673 (2009) 57 [arXiv:0812.2783] [INSPIRE].

S.P. Martin, Non-universal gaugino masses from non-singlet F-terms in non-minimal unified
models, Phys. Rev. D 79 (2009) 095019 [arXiv:0903.3568] [INSPIRE].

A. Arbey, M. Battaglia, A. Djouadi and F. Mahmoudi, The Higgs sector of the
phenomenological MSSM in the light of the Higgs boson discovery, JHEP 09 (2012) 107
[arXiv:1207.1348] [INSPIRE].

A. Brignole, L.E. Ibanez and C. Mufioz, Towards a theory of soft terms for the
supersymmetric Standard Model, Nucl. Phys. B 422 (1994) 125 [Erratum ibid. B 436 (1995)
747) [hep-ph/9308271] [INSPIRE].

— 96 —


http://arxiv.org/abs/1207.0698
http://inspirehep.net/search?p=find+EPRINT+arXiv:1207.0698
http://dx.doi.org/10.1103/PhysRevD.79.075020
http://arxiv.org/abs/0810.3921
http://inspirehep.net/search?p=find+EPRINT+arXiv:0810.3921
http://dx.doi.org/10.1007/JHEP10(2011)012
http://arxiv.org/abs/1102.5338
http://inspirehep.net/search?p=find+EPRINT+arXiv:1102.5338
http://dx.doi.org/10.1088/0954-3899/39/10/105005
http://arxiv.org/abs/1105.2838
http://inspirehep.net/search?p=find+EPRINT+arXiv:1105.2838
http://dx.doi.org/10.1016/j.physletb.2009.01.065
http://arxiv.org/abs/0812.2783
http://inspirehep.net/search?p=find+EPRINT+arXiv:0812.2783
http://dx.doi.org/10.1103/PhysRevD.79.095019
http://arxiv.org/abs/0903.3568
http://inspirehep.net/search?p=find+EPRINT+arXiv:0903.3568
http://dx.doi.org/10.1007/JHEP09(2012)107
http://arxiv.org/abs/1207.1348
http://inspirehep.net/search?p=find+EPRINT+arXiv:1207.1348
http://dx.doi.org/10.1016/0550-3213(94)00068-9
http://arxiv.org/abs/hep-ph/9308271
http://inspirehep.net/search?p=find+EPRINT+hep-ph/9308271

	Introduction
	Fine-tuning in the MSSM
	Fine-tuning à la pMSSM
	Our strategy
	Fine-tuning from the scalar sector
	Fine-tuning from gaugino masses and trilinear couplings

	GUT scale Yukawa ratios and SUSY threshold corrections
	Numerical analysis
	Before the latest LHC Higgs and SUSY results
	Results including the latest LHC Higgs and SUSY searches
	Favoured non-universal gaugino mass ratios

	Summary and conclusions

