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Abstract Given that there is currently no direct evidence
for supersymmetric particles at the LHC it is timely to re-
evaluate the need for low scale supersymmetry and to ask
whether it is likely to be discoverable by the LHC running at
its full energy. We review the status of simple SUSY exten-
sions of the Standard Model in the light of the Higgs dis-
covery and the non-observation of evidence for SUSY at the
LHC. The need for large radiative corrections to drive the
Higgs mass up to 126 GeV and for the coloured SUSY states
to be heavy to explain their non-observation introduces a lit-
tle hierarchy problem and we discuss how to quantify the
associated fine tuning. The requirement of low fine tuning
requires non-minimal SUSY extensions and we discuss the
nature and phenomenology of models which still have per-
fectly acceptable low fine tuning. A brief discussion of SUSY
flavour-changing and CP-violation problems and their reso-
lution is presented.

1 Introduction

To date, the data from the LHC running at 8 TeV has shown
no indication of supersymmetric partners of the Standard
Model states nor, indeed, any indication of other physics
‘Beyond the Standard Model’ (BSM). Moreover the discov-
ery of a new state whose properties look just like those of the
Higgs boson predicted by the Standard Model has led to a re-
evaluation of the need for such BSM physics. In this paper we
will briefly review the reasons why supersymmetry was and
still is the most promising extension of the Standard Model
(SM) and why the new supersymmetric states are expected
to be relatively low in mass and accessible to discovery when
the LHC runs at its full energy.

The SM provides an amazingly precise description of the
strong, weak and electromagnetic interactions of the funda-
mental states of matter, the quarks and leptons. However,
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there are several reasons to think that it is incomplete. The
SM does not have a viable candidate for dark matter. The
measurement of neutrino masses and the observation of non-
trivial mixing in the lepton sector certainly require an exten-
sion of the original formulation of the SM—the most ele-
gant possibility is to add right-handed (RH) neutrinos, which
restores the symmetry between quarks and leptons and allows
for neutrino masses and mixing. It has a large number of unre-
lated parameters needed to describe the strengths and prop-
erties of the fundamental interactions and the masses and
mixing angles of the quarks and leptons suggesting there is
a more fundamental theory capable of fixing these parame-
ters. Although the Standard Model does provide a measure
of unification between the weak and electromagnetic inter-
actions it falls short of a complete unification of the fun-
damental forces. There is also no mechanism in the orig-
inal SM for baryogenesis or an explanation of the strong
CP problem. Lastly, and most pressing, the Standard Model
suffers from the hierarchy problem, namely the difficulty
in field theory of separating mass scales so that the elec-
troweak scale is expected to be driven close to any high scale
associated with BSM physics, such as the Planck scale or
the Grand Unified (GUT) scale. Given the importance of
looking for evidence of BSM physics, particularly timely in
view of the LHC programme, let us address these reasons in
turn.

The need for dark matter is certainly important but does
not, by itself, set the scale for the new physics. It could, for
example, be due to axions associated with a very high scale of
new physics, perhaps even as high as the Planck scale, and
evidence for it may not be accessible at laboratory energy
scales. Similarly the new physics associated with neutrino
masses could be very large. Indeed if the RH neutrinos have
mass close to the GUT scale the smallness of the observed
(LH) neutrino’s mass is naturally explained via the see-saw
mechanism.

The possibility of further unification is certainly appeal-
ing and there is significant circumstantial evidence in favour
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of it. In particular it is notable that the SM representations of
the quarks and leptons of a single family fit neatly in the
relatively simple 5 + 10 representation of a SU(5) GUT.
This immediately explains the fact that the charges of the
quarks are third integrally quantised relative to the charged
leptons, the 1/3 factor coming from the fact that quarks come
in three colours. Moreover the underlying SU(5) symme-
try explains why both the quark and the lepton electroweak
SU(2) doublets are left-handed. The resulting simplicity is
further enhanced if the GUT group is enlarged to SO(10) for
all the states of a single family fit into a single 16 dimen-
sional representation of SO(10). Moreover the remaining
state needed to complete the 16 dimensional representation
requires the existence of a right-handed neutrino and thus
naturally allows for neutrino masses and mixing. Of course
it is important that the Higgs should also fit into a GUT mul-
tiplet and, in the original simple formulations, this led to a
problem because the coloured Higgs partners required by the
GUT have not been observed. Indeed they are required to be
super-heavy or absent if nucleon decay is to be sufficiently
suppressed and this led to the need for very large GUT rep-
resentations that somewhat reduced the elegance of the GUT
paradigm. However, the more recent approaches based on an
underlying string unification have provided an elegant expla-
nation for the absence of light coloured partners as they can
be projected out at the stage of compactification and the asso-
ciated breaking of the gauge group by Wilson lines, without
the need for large GUT representations.

The existence of an underlying GUT also leads to rela-
tions amongst the parameters of the SM, most importantly the
SU(3) x SU(2) x U(1) gauge couplings. In SU(5) or SO(10)
there is a single gauge coupling and, using the renormali-
sation group (RG) equations, it is straightforward to deter-
mine the strong, electromagnetic and weak couplings at low
scales, as measured in the laboratory, in terms of the unified
gauge coupling and the unification scale. Eliminating these
unknowns leads to a relation between the gauge couplings
at low energies. In the non-supersymmetric case this relation
fails by more than 11 standard deviations but, in a supersym-
metric GUT, the relation is accurate to better than 5 % for the
case of light (TeV scale) supersymmetric (SUSY) partners.
However, as the dependence of this relation on the SUSY
masses is only logarithmic, it is not possible to say that gauge
coupling unification requires that the SUSY states should be
within the reach of the LHC.

This leaves the need to solve the hierarchy problem as the
only unambiguous reason to expect new states at a mass scale
accessible to direct discovery at the LHC. The problem arises
if the SM is an effective field theory descending from new
physics at a high scale, such as the GUT scale or the string
or Planck scale. In this case the radiative corrections that
arise in field theory connect the low and high scale sectors
and prevent a separation of the electroweak breaking scale
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from the high scale associated with BSM physics. Support
for the idea that the SM is an effective field theory (EFT)
comes from the fact that it predicts that the only elemen-
tary spin-one states in the theory should be associated with a
local gauge principle and that the only fermions in the theory
should be chiral. This immediately follows because the only
symmetry capable of forbidding a vector boson mass is a
local gauge symmetry and the only symmetry capable of for-
bidding a fermion mass is a chiral symmetry; in the absence
of such symmetries one would expect the states to have the
high scale mass associated with the new scale of physics. It
is significant that this is just what is found in the SM. The
gluons, the photon and the W and Z bosons are the gauge
bosons coming from the SU(3) x SU(2) x U(1) local gauge
symmetry. The fermions are chiral with respect to the SU(2)
gauge group, the LH fermions transform as SU(2) doublets
and the RH fermions transform as SU(2) singlets. Moreover
the EFT description requires that the unbroken gauge interac-
tions should be vectorlike, as observed, otherwise there can
be no fermion masses.

This pleasing agreement of the SM structure with that
required by an EFT is broken by the scalar sector because
there is no symmetry that forbids a scalar mass. As a result
the EFT expectation is that the Higgs mass and the associ-
ated electroweak breaking scale should be at the high scale.
Even if for some reason the Higgs mass does not arise at tree
level radiative corrections are expected to generate it close to
the high scale. This is the hierarchy problem. The solutions
that have been suggested require new physics at a low scale,
potentially accessible to discovery at the LHC. In this review
I will concentrate on the supersymmetric possibility in which
the Higgs mass is forbidden by a combination of supersym-
metry (SUSY) and a chiral symmetry. In this case the SUSY
extension of the SM fits in perfectly with the EFT picture. It
also allows for a consistent underlying unified theory, GUT
or string based, that gives the precision prediction relating
the gauge couplings and string-based models can even pre-
dict the correct unification scale in therms of the string or
Planck scale. Indeed, due to the inevitable coupling between
the Higgs and the scalars responsible for GUT breaking at a
high scale, the SUSY extension of the GUT is an essential
feature of unification.

The discovery of a Higgs candidate at 126 GeV [1,2] has
lent some support to the SUSY paradigm but at the same
time made it more difficult to realise. The support comes
because the Higgs mass lies in the relatively small range
favoured by SUSY. Moreover the observed properties of the
candidate Higgs are just what are expected of an elementary
state whose interactions are in the perturbative domain, as is
expected in SUSY with gauge coupling unification. Thus at
least the simplest composite Higgs explanation of the hier-
archy problem looks less likely than the SUSY explanation.
The fact that the Higgs looks very much like the SM Higgs
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is not an argument against SUSY for, in the limit the SUSY
breaking is large, the properties of the SUSY Higgs very
closely approximate those of the SM Higgs. The difficulty
comes from the relatively high mass of the Higgs that typ-
ically requires significant fine tuning in SUSY models due
to the need of large radiative corrections to the Higgs mass
and the corresponding need for heavy SUSY states. This
fact largely maps out the possible nature of SUSY exten-
sions of the SM after the Higgs discovery for it limits the
available parameter space and structure of SUSY models
and may indicate the need for a non-minimal SUSY exten-
sion of the SM. In this paper we consider these possibili-
ties in more detail and the prospects for SUSY discovery
at LHC14.

The structure of the paper is as follows. In Sect. 2 the
status of simple SUSY models after the Higgs discovery is
reviewed and their implications for the masses of the coloured
SUSY states, particularly relevant to the LHC. In Sect. 3
we discuss the hierarchy problem and the quantitative ‘fine
tuning’ measure of the hierarchy problem that is needed to
obtain a prediction for the SUSY partner mass scale and
the prospects for finding SUSY at the LHC. In Sect. 4 we
review the applications of the measure to SUSY extensions
of the SM and discuss whether there remain viable SUSY
theories capable of solving the ‘little’ hierarchy problem, the
particular SUSY signals implied by them and the prospects
for testing them at the LHC. In Sect. 5 we discuss SUSY
implications for flavour physics in the light of the constraints
the LHC results have imposed on SUSY, concentrating on the
most sensitive flavour-changing and CP-violating processes.
Finally in Sect. 6 we present a summary and our conclusions.

2 Status of simple SUSY models after the Higgs

In this section we briefly review the status of fits to data of the
simplest and most studied of the SUSY extensions of the SM,
taking account of the Higgs discovery, the limits on SUSY
states coming from the LHC and other experiments and the
constraints imposed by the observed dark matter abundance.

In such models the Higgs mass is strongly constrained.
At tree level it is bounded by the Z mass but there can
be sizeable radiative contributions increasing it. However,
these contributions cannot be made arbitrarily large unless
the SUSY breaking scale is taken so high that unacceptable
fine tuning is needed to generate the EW breaking scale. The
125 GeV Higgs lies at the upper end of this range. On the
one hand it may be considered a success for the SUSY pre-
diction of a light Higgs with couplings in the perturbative
domain. On the other hand it is sufficiently heavy for consid-
erable fine tuning of the fundamental parameters of the model
to be needed, at least in the minimal implementations of
SUSY.

In the next section we will quantify this fine tuning but
in this section we choose to ignore it, assuming that the
underlying theory fixes the necessary correlations between
the parameters needed to get the correct EW breaking scale
or that higher dimension operator contributions due to new
states at a higher scale are present (cf. the discussion in
Sect. 4.4). The spectrum of the simplest models is that of
the MSSM with the minimal set of chiral super fields, qbi,
needed to accommodate the matter fields of the SM plus the
two Higgs doublets needed to give mass to the up and down
quarks. The scalar potential then has the form

2
+ (AW + BoW® thc.) +mde' g,
()

where W is the superpotential for the matter fields given by

o law
V(¢)='8755

Wmssm = Wyukawa + Wu
Wyukawa = yeHdLec + yaHy Qd° + YuHy Qu*
W, = nHyHq, (2

The form of the SUSY breaking terms assumed here is that of
the constrained MSSM (CMSSM) with scalar mass univer-
sality, applicable at some initial scale, M, which is usually
associated with the Grand Unification scale. In these equa-
tions the family and SU(2) indices have been suppressed,
W is the trilinear part of the superpotential and W® is
the bilinear part. Gaugino mass universality characterised by
my 2 is also assumed at the same input scale M.
Minimisation of the Higgs potential leads to two vacuum
conditions at the weak scale, which can be expressed as

5 m% — m% tan’ 8 + %mzz(l —tan® B) + Af}) 3)
/_,L =
tan2 B — 1+ AP

and
__l 2 2 2\ o
Bu = > mi+m5+2u°)sin28 + Ap, “4)

where mj are the soft supersymmetry-breaking Higgs
masses (evaluated at the weak scale), tan f is the ratio of the
two Higgs vacuum expectation values, and Ap and A,(}’z)
are loop corrections [3-5]. Using these relations we see that
the CMSSM can be defined by m 3, mo, Ao, tan 8 and the
sign of u.

The Higgs mass is given by [6-8]

3 Mz  x? X?
5 [In _g + _lz 1= 2
©)

where M§ =mg;mgq,, X; = Ag— pcot B and the parameters
are evaluated at the EW scale. From this one may see that
to get large radiative corrections requires a large stop mass

my >~ m%cos’2p +
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Fig. 1 The CMSSM (m /2, mo) planes for i > 0, with tan 8 = 10 (left) and 40 (right), Ao = 2.5my, as calculated for m; = 173.2 GeV using
the latest version of the SSARD code [79]. The interpretations of the shadings and contour colours are described in the text

and/or X, leading to very heavy coloured SUSY states in the
TeV range.

2.1 CMSSM fits

Several groups [9-59] have performed detailed CMSSM fits
to the LHC data from Atlas and CMS [60,61]. In these mod-
els the lightest SUSY particle (LSP), usually a combination
of a neutralino and a Higgsino, is stable and a dark mat-
ter (DM) candidate. The fits that we discuss require that the
DM should saturate at or be below the preferred cosmolog-
ical range Qcpmh? = 0.112 & 0.006 [62], where A is the
present Hubble expansion rate in units of 100 km/s/Mpc. In
addition the dark matter should be consistent with the direct
detection bounds, the strongest in the mass range of inter-
est being that of XENON100 [63]. Constraints are also pro-
vided by flavour physics, especially b — sy [64-67] and
By — wt ™ [68-73]. The LHCb measurement of the latter
with a value close to the SM prediction provides particularly
strong constraints on the large tan 8 region. In addition the
measured value [74,75] of the anomalous magnetic moment
of the muon, g, —2, plays a significant role in the fits. We will
discuss further aspects of flavour-changing and CP-violation
constraints in Sect. 5.

In Fig. 1 we show the results of a recent fit [54] to all
the available data, including the latest LHCb measurement
of By — utu~, for the parameters m¢ and m /2 as a func-
tion of the Higgs mass contours (red dashed lines). In each
panel, the region at high m1,, and low mo where the 7; is
the LSP is shaded brown, as is the region at low m,, and
high m(y where the stop becomes the LSP (or tachyonic).
The regions excluded by b — sy are shaded green, those
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favoured by g, — 2 are shaded pink, and those favoured
by Qxh2 are shaded dark blue'. The LEP chargino exclu-
sion is shown as a near-vertical dashed black line at small
my,2 [76]. The ATLAS exclusion from the absence of miss-
ing transverse energy events (MET) is shown by the pur-
ple lines. Also shown as solid green lines are three contours
of BR(B;, — puTu )/BR(B, — puTu)sm = 1.65,1.5
(the present 95 % CL upper limit from LHCb and combined
experiments), and 1.3 (the 68 % upper limit from LHCb).
Over the range shown in the (mg, m1,2) plane alarge value
for Ag is needed to get to the observed Higgs mass®. For larger
values of tan 8 the Higgs mass increases butthe By — ut ™
rate still requires that mg and m 2 are above 1 TeV. However,
taking account of the dark matter constraint, for tan 8 = 10,
M), does not grow above ~121 GeV, whereas for tan 8 =
40 there is compatibility for m,; > 1 TeV along the stau
co-annihilation strip (SC) close to the stau LSP boundary?.
This region is also compatible with the LHC MET constraint,
but not with the supersymmetric interpretation of g, — 2.
Interestingly the sensitivity of upcoming direct DM searches
will be sufficient to test the most likely regions of the CMSSM
DM space providing complementary tests to the LHC SUSY
searches. LUX will be sensitive to a substantial proportion
of the favoured regions and XENONIT will cover almost

! For reasons of visibility the wider strips 0.06 < Qxh2 < 0.2 are
shown here.

2 M, =125.7+1.0GeV [1,2] although, including theoretical errors,
values greater than 122 GeV are probably acceptable.

3 The focus point (FP) region, in which the DM unpolarised annihilation

cross section is enhanced by a significant Higgsino component of the
LSP, is excluded by the XENON100 bound.
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all of the rest. This complementarity is important because
the majority of points have a very heavy Higgsino LSP, of
O(1 TeV), possibly beyond the reach of LHC14.

In the absence of the fine tuning constraint the upper
bound on the SUSY mass spectrum comes from the require-
ment that the SUSY LSP should provide the observed dark
matter abundance. For example, a recent Baysian fit [77]
finds mg = 3.4TeV, m; = 2.8TeV, m;, = 3.5TeV and
my =700 GeV* as the most probable values suggesting that
even LHC14 may not discover evidence for SUSY.

2.2 Beyond the CMSSM

As we have seen, the LHC and dark matter constraints have
forced the CMSSM parameter space into a tight corner that
requires large values of tan 8, Ag and m1 2 and a correspond-
ingly heavy SUSY spectrum. However, by extending the
parameters of the model the fit constraints can be more readily
satisfied, particularly that of obtaining acceptable dark matter
abundance. One possibility is to allow the Higgs masses to
differ from the squark and slepton masses at the initial scale
[16,18,80-93] and in this case it is not difficult to find regions
of the parameter space where the cosmological cold dark
matter density falls within the preferred range, even if the
sparticle masses are relatively large, as required by the LHC
MET and M}, constraints. For example [54], this may happen
in a transition region where the y LSP has a relatively large
Higgsino component, a region disfavoured in the CMSSM by
the XENON100 upper limit on cold dark matter scattering.
Another possibility is to lower the initial scale, My, which
compresses the spectrum making more co-annihilation pro-
cesses important, thus suppressing the relic density below
the range expected in the CMSSM. While these generalisa-
tions of the CNMSSM open up the phase space of acceptable
solutions they still require large values of the SUSY breaking
parameters corresponding to heavy SUSY spectra similar to
those found in the CMSSM.

2.2.1 The CNMSSM

Another possibility that has been widely studied is to increase
the particle content, for example by adding a gauge singlet
chiral super field, S. The simplest version of this, the NMSSM
(for reviews see [94,95]), has the superpotential

K
WNMssM = )\SHu Hy + 553 + Wyukawa, (6)

where additional terms are forbidden by the Z3 symmetry
of Wnmssm. This lacks the bare p term of the CMSSM,
Eq. (2), but an effective term, pi.ff, is generated at the stage
of EW breaking when the scalar component of S acquires a

4 These values are close to the favoured upper values in [78].

vacuum expectation value (VEV). The advantage of this is
that pefr is automatically of the order of the EW breaking
scale in comparison to the MSSM case in which the symme-
tries allow an arbitrarily large w term. In the constrained ver-
sion of the model (CNMSSM) the soft SUSY breaking terms
associated with the Higgs sector at the initial scale have the
form

2 2 2 2 2 2
Vsoft:m0|Hu| +mo|Hd| +ms|S|

1
+ (AAOSHqu + 5/<AOS3 + h.c.) , @)

with scalar mass universality assumed for all scalars apart
from the new singlet. In this case the parameters of the
CNMSSM may be chosen as mg, m1,2, Ag, tan B, A, ms and
the sign of pueff.

Several groups have analysed the NMSSM after the Higgs
discovery [96-118]. Here we present results from a very
recent study [118] that takes account of the measurement
of By — p ™. In the upper figures of Fig. 2 we present the
results of a CNMSSM Baysian fit showing (m,, m12) planes
for pegr > 0. Because of the additional singlet scalar state
there are two CP even Higgs states involving mixtures of the
EW doublet and singlet states. Two cases are shown, case 1 in
which the lightest CP even Higgs has mass mj, = 125.8 GeV
and case 2 in which the second lightest CP even Higgs has
mass my, = 125.8 GeV. Note that in the second of the top
figures the right-hand favoured region is already excluded by
XENON100 so in both cases both the squarks and the gluinos
are in the TeV range with the gluinos typically heavier than
the squarks.

In the lower figure of Fig. 2 we show the (my,, my,)
planes for these two cases. One may see from the first figure
that the second state, which is mainly singlet, is expected
to be very heavy, in the TeV range, while in the second
figure the mainly singlet state can be relatively light but,
because of its small doublet component, would not have
been detected at LEP. Not shown here is an interesting third
case in which both Higgs states have mass in the 126 GeV
region.

The fit to the model shows that in case 1 there are two
viable DM regions, one, the A-funnel region in which neu-
tralinos annihilate through the resonance with the lightest
pseudoscalar and a second (SC) in which the dominant anni-
hilation process is through stau-coannilation. In the upper left
figure the SC region is that including the best fit point, while
the AF region corresponds to the top part of the plot. Both
regions lie below the XENON100 limits but will be partly
probed by XENONIT. In case 2 the best fit region is again
SC and its interaction cross section lies below even the sensi-
tivity of XENONI1T. However, the other region corresponds
to the focus point region and is already inconsistent with the
XENON100 bound.
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Fig. 2 CNMSSM marginalised 2D posterior pdf in the (mg, m1,2)
plane for case 1 (top left), and case 2 (top right) and in the (my, , mp,)
plane for case 1 (bottom left), and case 2 (bottom right). The 68 % cred-
ible regions are shown in dark blue, and the 95 % credible regions in

The favoured values for the SUSY mass spectrum fol-
lowing from the requirement that the SUSY LSP should
provide the observed dark matter abundance gives mz =
28TeV, m; = 2.2TeV, m;, = 3.0TeV and m, =
600 GeV as the most probable values, slightly lower than
that found for the CMSSM, but still in the range that may be
beyond LHC14 discovery.

3 The hierarchy problem

As these simple models demonstrate the non-observation
of SUSY states, or indeed any significant deviations from
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light blue. The stars denote the best fit points. In the top figures the solid
black (dashed grey) line shows the CMS and ATLAS hadronic 95 %
C.L. exclusion bound

the SM, drives the SUSY partner mass scale into the TeV
region. Indeed, if one ignores the hierarchy problem, it can
be made arbitrarily high if there is a non-SUSY explanation
for dark matter. This emphasises the importance of the hier-
archy problem for it is really only the SUSY solution to the
hierarchy problem that has led us to expect low-scale SUSY,
accessible to LHC discovery.

A very simple illustration of the hierarchy problem was
givenin [119] and follows from expanding the formula for the
Z mass in Eq. (3) in terms of the input parameters. Allowing
for different gaugino and scalar masses at the input scale,
My, and simplifying by working at tree level one finds, for
example for tan g = 2.5,
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—Z = —0.87 u>(My) + 3.6 M3 (My)

—0.12 M3 (Myx) + 0.007 M3 (M)

—0.71mp;, (Mx) + 0.19m%; (Mx)

+0.48 (m3) (Mx) + m;(My))

—0.34 A, (Mx) M3(Mx) — 0.07 A;(Mx) Ma(Mx)
—0.01 A;(Mx) M;(Mx) + 0.09 A%(0)

40.25 My(Mx) M3(Mx) + 0.03 M1 (Mx) M3(Mx)
+0.007 My (Mx) My(My). (8)

One may see that for the input parameters much greater than
M7 it is necessary to fine tune the parameters to arrange for
significant cancellation between the terms. For the case these
parameters are at the TeV scale this fine tuning is more than
1 partin 100. This is the hierarchy problem and it clearly gets
worse as the input parameters increase.

Of course if the underlying theory relevant at M x requires
correlations between the input parameters the fine tuning may
be reduced. As an example of this we consider the CMSSM
case with universal scalar masses m and universal gaugino
masses m1 2. In this case Eq. (8) becomes

M% _ 2 2 2
% = 087> (My) +3.78mi 5 +0.44mj
—0.42 Ag m1 2 + 0.09 A3. 9)

It is instructive to consider why the coefficient of my is
relatively small in the CMSSM. The dominant terms in the
RG equation for m%{u, which sets the EW scale, involving
mo are those proportional to the square of the top Yukawa
coupling, y; and can be integrated to give

i (€2) =, (M) + 5 (i, (013)

3y,2
Q2 472
iy, (M%) +m2, (M3)) (W —1| o
X
ﬁ
3 Q2 472
=m} 1+5 (W) —-111, (11)
X

where we have used the fact that in the CMSSM all the scalar
masses are equal unification scale. When the factor in square
brackets is -2/3 the coefficient of m(z) vanishes—this is known
as the focus point (FP) [120-124]. Remarkable the focus
point is close to the electroweak scale explaining the small-
ness of the coefficient of m(z) in Eq. (9). Clearly the appear-
ance of such focus points affect the bounds on the SUSY
spectrum coming from the hierarchy problem because the
dependence of the other scalars, the squarks and sleptons,
on m(z) is not suppressed and consequently, for models with
the focus point, they can be much heavier than the Higgs.

This nicely illustrates how correlations amongst the initial
parameters can significantly reduce the fine tuning needed.

3.1 Fine tuning measures

In order to quantify the fine tuning needed to keep the elec-
troweak scale much lower than the SUSY masses several
fine tuning measures have been suggested [125,126]. Two
frequently used are A, and A, where

1/2

2
’ Aq = (Z AV:‘) ’
_ 91nv?
ne E)ln)/l.2

Ay =max |Ay,

. ¥i =mo, mij2, o, Ao, ... (12)

Here the basic measure A,, roughly determines the relative
magnitude of the term proportional to the parameter y; on
the RHS of Eq. (8) to the LHS. A value of 100 means that the
cancellation between terms on the RHS should be accurate
to 1 part in 100. Typically one term dominates in which case
Ay, and A, are nearly equal but in the case that there are sev-
eral comparable terms A, would seem the more reasonable
measure.

3.2 The likelihood origin of the fine tuning measure

Of course the difficult question to answer when using such
measures to limit the SUSY spectrum is how large the fine
tuning measure can reasonably be? However, it has recently
been shown how the measure arises when performing a like-
lihood fit to the data [127-130] and this allows us to give a
quantitative estimate for acceptable fine tuning.

When testing a SUSY model with a given set of param-
eters (such as y;), one should in principle marginalise (i.e.
integrate) the likelihood L over unrelated, ‘nuisance’ param-
eters that can be determined well from the data and are not
of interest in the final result. Examples of such parameters
are those already present in the Standard Model such as the
Yukawa couplings. In the case of SUSY one may also inte-
grate over the dependent parameters, the VEVs v, 4 of the
SUSY Higgs H, 4 which are fixed by the vacuum minimisa-
tion constraints and which determine the EW breaking scale
characterised by M. If one chooses to do this, then the con-
strained likelihood is given by

L(dataly;) / dv d(tan B)8(mz —m%)

x 8 (fitvis v, B, ye, yp) 8 (f2(vis v, B, ye, yb))
L(dataly;; v, B, yt, yb). (13)

where v? = v,% + vﬁ and tan 8 = v, /vg. L(dataly;; B, v,
Vi, yp) is the likelihood to fit the data with a particular set of
values for y;, y; p, etc. (the associated XZ is given by x2 =
—21n(L)), while L(dataly;) is the (‘constrained’) likelihood
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in the presence of the EW constraints and is a function of y;
only. The functions f; are the solutions to the minimisation
equations given by

12
m
fl(yi;vvﬁvylvybv"')zv_<_T> )

iz v, B, ye, Yo, - -.) = tan B —tan Bo (i, v, Yr, Yb),
vi = {mo, m1,2, no, Ao, Bo},
(14)

where m? and 1 are the effective Higgs mass and quartic cou-
pling, functions of the underlying parameters of the theory
asin [127].

Of particular relevance here is the delta function involv-
ing f1 which constrains some combination of the param-
eters of the theory. We may choose the residual indepen-
dent variables to lie in the surface, §, in y, space defined by
the EW constraint fl(yiS; vo, B, y:(B), y»(B)) = 0. In this
case we have 8(f1(z;)) = (1/|Vfi]) 8[n.(Z — z5)], where
n = V f1/|V fi| is the unit vector normal to the surface S,
Z has components 77, ..., z, and 75 lies on S, f(zf) = 0.
With this, and taking z; = In y;, Eq. (13) can be written as

1 n
L(dataly;) = A_S (Z ng(Iny; —In ViS)>

9 \i=1

x L (dataly;; vo, B, 1(B), Y (B)) lp=po(r)
(15)

where n, are the components of the normal unit vector and
A, is the fine tuning in quadrature defined in Eq. (12) with
v — 0. For independent variables, y;, this relation is only
satisfied if all y; = yl.o, for all i, i.e. if the f; = O constraint
is satisfied.

This shows that it is the constrained likelihood that should
be maximised when fitting data, i.e. one should maximise the
ratio of the unconstrained likelihood to the fine tuning A,,. If
the fine tuning is large it reduces the overall likelihood. The
terms of the associated x2 ( Xfew) and unconstrained ( onld)
likelihoods are related by

Xoew = Xaig +2In A (16)

This relation can be used to infer what can be regarded as
the ‘acceptable’ upper bound of the fine tuning requiring
that A, < exp(ng/2) where ngy is the number of degrees of
freedom. If this is satisfied then x 2 per degree of freedom will
not be significantly worsened. For simple SUSY extensions
of the SM such as the CMSSM nyy = O (10), which requires
A < 100°.

5 See [128,129] for a detailed analysis of various SUSY models.
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3.3 The real hierarchy problem

We have introduced the hierarchy problem in the context
of supersymmetry but, given the lack of evidence for BSM
physics at the LHC or in precision tests of the SM, it may be
appropriate to make a few comments about claims that, even
in the context of the SM, there is no hierarchy problem. It
has become customary to introduce the hierarchy problem by
noting that in the SM at leading order there is a quadratically
divergent contribution to the Higgs mass coming from a top
quark loop giving

31y
472

Smy ~ A% (17)
In arenormalisable theory this divergent term is cancelled by
a counter term but, taking the cutoff to be at a very high scale,
this cancellation must be hierarchically precise. However,
the quadratic divergence is not the real hierarchy problem
in the sense that the divergent term is independent of the
scale at which the mass is measured. Thus if, at a very high
scale, there is a reason, such as underlying scale invariance
or SUSY, for there to be no mass term it will not reappear at
lower scales. The real hierarchy problem [131] arises when
there are heavy states of mass My to which the Higgs couples
which give corrections of the form

A2

Evenifthe mass vanishes at a high scale it reappears at alower
scale and, for it to be small at the electroweak scale, requires
a precise cancellation with other terms. In a supersymmetric
model this cancellation is between contributions involving
different components of a supermultiplet and is automatic
due to the symmetry. Thus in a SUSY GUT the term in
Eq. (18) is cancelled up to terms suppressed by AéUSY/M)Z(
where Agysy is the SUSY breaking scale in the GUT sector.
For the case of scale invariance the idea is that it is softly bro-
ken so that at high energy scales the breaking terms are small
and the underlying scale invariance ensures that the quadratic
terms is cancelled by the counter term. However, as the SM
is not scale invariant its beta functions do not vanish and thus
must change at some scale, M, to the scale invariant result.
Even if the origin of the mass scale, M, is non-perturbative it
has been shown recently [132] that the Higgs mass has cor-
rections of O (M). Thus to protect the Higgs mass, the scale
M, corresponding to the onset of BSM physics, is limited to
the TeV scale, otherwise the hierarchy problem reappears.

3.4 Fine tuning and the initial scale

For pedagogic reasons we introduced the fine tuning mea-
sure in the context of the CMSSM in which the low energy
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structure of the MSSM spectrum is determined by param-
eters defined at a high (unification) scale. Such high scale
models usually introduce large logarithmic enhancements in
the fine tuning measure coming from the RG continuation
to the electroweak breaking scale. As is exemplified by the
scalar focus point structure discussed above the logarithmic
enhancement may be significantly reduced if there are rela-
tions between the SUSY breaking parameters that an under-
lying theory might provide. It is perhaps interesting to ask
what is a reasonable estimate for the minimum fine tuning
that could come from a (presently unknown) underlying the-
ory providing such relations. To quantify this, note that in the
MSSM the electroweak scale, characterised by the Z mass,
is given by

ML om} + 2§ — (m3, + T¢) tan® B 5
—Z = —u (19)
2 tan2 8 — 1

where 2/ and Ej are one-loop contributions coming from
the states that couple to the Higgs. Requiring that the theory
be parameterised by just these terms, with no information
about the underlying UV completion, leads to the ‘EW’ fine
tuning measure [133—136] given by the maximum value of
the individual terms®. We have

Agpw = Max
m3;, tan® B| | $¥ tan? B 5 5
X X , e Mz /2).
(tanzﬁ—l tan2,3—1' I /( z/?)

(20)

In this case one can take squark and gluino masses to be very
heavy because only £/ and ij are sensitive to the radiative
corrections. The dominant correction comes from the top
squark loop

u 3y 2,02
zi ~ hm? (ln (mf/Q )— 1). Q1)
The EW fine tuning is determined by the SUSY spectrum
and, for acceptable fine tuning, Agw < 30, one can have
stop (and other) squarks with mass as high as 5 TeV. Further
it requires || < 300 GeV corresponding to the existence of
light Higgsino states that may be visible at an e™e™ collider
with Ecpy > 600 GeV producing WIJ“ Wl_ Zl Zl and 2222
production. Gluinos can also be very heavy in which case the
small mass gap of O(10 GeV) between Wl — 22 and 22 — Zl
makes detection of Higgsino pair production difficult because
the visible decay products are soft.

A low scale of EW fine tuning does not mean there is no
fine tuning but leaves open the possibility that there is an
underlying theory with this SUSY spectrum that is not fine

6 Of course, this assumes that the underlying theory does not correlate
the terms in this equation. To date no theory capable of doing this has
been proposed.

tuned. Below we discuss UV complete models that do predict
correlations among the MSSM SUSY breaking parameters
which can achieve such low levels of fine tuning while pre-
serving the successful prediction following from gauge cou-
pling unification. In these models the mass of the coloured
states are much more constrained than the upper bound com-
ing from EW fine tuning. They do, however, have the ten-
dency to produce compressed spectra.

4 Fine tuning constraints on SUSY in the light of the
Higgs discovery

As we have stressed the hierarchy problem provides the main
motivation for low-scale SUSY, accessible to the LHC. In this
section we will discuss the extent to which the postulate that
SUSY solves the little hierarchy problem has been tested” and
the prospects for a definitive test at LHC14. This will involve
a discussion of non-minimal implementations of SUSY that
canreduce the fine tuning and, in turn, suggest new signatures
relevant to future LHC SUSY searches. In the main we will
concentrate on the case that the initial scale at which the
fundamental parameters are defined is close to the Grand
Unified scale as is natural in GUTs and is consistent with
the precision prediction of gauge coupling unification that
follows in SUSY GUTs.

4.1 Fine tuning of the CMSSM

In the CMSSM the Higgs mass is given by Eq. (5). The
heavier the Higgs mass is the larger the radiative correction
that is needed. Before the LHC start-up the bound on the
Higgs mass was 114 GeV corresponding, for small X/, to
Mg =~ 500 GeV. The measurement of the Higgs mass close
to 126 GeV increases this to Mg ~ 1 TeV. Thus the Higgs
discovery has pushed the SUSY threshold for the stops up
and this leads to the need for significantly greater fine tuning.
Of course one must also allow for the X; contribution and
perform a fit to all the available data. The result of such a fit
[138] that was performed before the LHC start-up is shown in
Fig. 3 where the fine tuning, A = A,,, is shown as a function
of the Higgs mass; note that the LEP bound on the Higgs
mass was not included in the fit. The origin of the structure
is due to two factors: the fall as the Higgs mass increases
is due to the fact that the effective quartic interaction, Aeff,
increases, reducing the sensitivity of the EW breaking VEV,
v? = mgff /Aeff to changes in Afr. The sharprise as the Higgs
mass further increases is due to the fact that the sensitivity
of mpy, to mo in Eq. (11) increases rapidly as Q% ~ m%iu
grows above (115GeV)?. Also shown in the figure is the

7 For an earlier comparative study see [137].
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Fig. 3 Two-loop fine-tuning versus Higgs mass for the scan over
CMSSM parameters with no constraint on the Higgs mass. The solid
line is the minimum fine-tuning with («,, M,) = (0.1176, 173.1 GeV).
The dark green, purple, crimson and black coloured regions have a
dark matter density within 4% = 0.1099 & 3 x 0.0062 (i.e. 30 sat-
uration) while the lighter coloured versions of these regions lie below
this bound. The colours and their associated numbers refer to different
LSP structures as described in [138]. Regions 1, 3, 4 and 5 have an
LSP which is mostly bino-like. In region 2, the LSP has a significant
Higgsino component

dark matter abundance colour coded [138] according to the
dominant annihilation mechanism. The purple points with
low fine tuning lie close to the focus point discussed above
and one may see that before the LHC there are points in the
parameter space scan with fine tuning less than 10, close to
the LEP bound on the Higgs mass. As noted above, the points
in the FP region have significant Higgsino component and the
lowest fine tuned points are in conflict with the XENON100
bounds. However, the most significant effect ruling out the
low fine tuned points is the measurement of the Higgs mass.
For a Higgs mass in the range m;, = 126 £ 3 GeV the fine
tuning, A,,, is greater than 300, unacceptably large given the
constraint of Eq. (16).

4.2 Beyond the CMSSM

Of course the CMSSM is only one particular version of the
MSSM expressing the more than 100 SUSY parameters in
terms of just 5 fundamental ones. One may ask if there are
other MSSM parameter choices with lower fine tuning that
remain to be tested. However, this is not so easy as the
CMSSM has the scalar focus point that, cf. Eq. (11), de-
sensitises the EW breaking scale to the common scalar mass
mo and in this sense represents the class of models capable
of minimising, at least part, of the fine tuning measure. In
contrast, gauge mediated supersymmetry-breaking models
do not have a common scalar mass and as a result the fine
tuning in them may be larger [139,140] even though they
may have a lower initial scale, M.

To do better than the CMSSM requires identifying a sys-
tematic way to reduce fine tuning. In this subsection we
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discuss whether the fine tuning can be reduced by theoreti-
cally well-motivated modifications of the CMSSM boundary
conditions for the SUSY breaking parameters. In the next
subsection we consider the possibility that the fine tuning is
reduced through an extension of the particle content of the
MSSM.

4.2.1 Natural SUSY

In natural SUSY the universality of squark masses is relaxed
with much lighter stop squarks than those associated with
the first two generations [141,142]. As we discuss in Sect. 5
the suppression of flavour-changing neutral currents and CP-
violating effects place strong constraints on the first and sec-
ond generation squarks favouring their mass to be in the TeV
region. However, the constraint on the stop squarks is very
mild and this has led to the suggestion that they may be quite
light, much less than a TeV. This is consistent with present
LHC bounds due to the reduction in the E7 missing signals
compared to that for the first two generation squarks. Since
a large contribution to fine tuning comes from the sensitivity
of the EW scale to the stop quark mass one may hope that
fine tuning will be substantially reduced. However, this turns
out not to be the case because it is still necessary to have
significant radiative corrections to the Higgs mass to drive it
to 126 GeV and, for light stops, this must come from another
sector of the theory, reintroducing large fine tuning. Recent
studies [143,144] finds the fine tuning is at least 400 for the
case the initial scale, My, at which the parameters are defined
is close to the GUT scale, unacceptably large by the crite-
rion in Eq. (16). Even in the case that the initial scale is low,
such as in gauge mediation, there is no significant fine tuning
advantage of a light stop if the gluino is in the TeV range and
the fine tuning is still in the 1 % range. Interestingly [143]
notes that this conclusion can be evaded in the case that the
gluinos have a Dirac rather than a Majorana mass although
a very recent study [144] has found the fine tuning is still
severe, A ~ 100.

4.2.2 Gaugino focus point

The second possibility that has been suggested is that there
is a further focus point associated with the gauginos that
reduces the sensitivity of the EW breaking scale to m /28.
This can occur if the initial values of the gaugino masses
have special, non-universal, ratios [145-155]. The origin
of the gaugino focus point may be seen from the RG

equation

8 As we shall discuss this can reduce the fine-tuning to an acceptable
level. This conflicts with the conclusion of [144] which does not allow
for such correlations between soft SUSY breaking terms.
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Fig. 4 Analytic results for the gaugino focus point scale contours (in
units of Tev) in the MSSM for tan 8 = 2, 3, 10 from left to right.
The points and the grey line correspond to specific models with non-

d
1672 2m}, =3 (2|yt|2 (m%, +mb, + m%S) + 2|at|2>
6
—683 1M — Zgi M. (22)

The first term on the RHS implicitly includes the effect of the
gluino contribution to the squark masses. Although this is of
higher order, since the QCD coupling is quite large, it gives
a significant contribution that is comparable to that coming
from the last two terms. Indeed if the gluino mass at the EW
scale is similar to that of the Wino there is a cancellation
between these terms that reduces the sensitivity of m%{u to

the gaugino masse”. In Fig. 4 we show an approximate ana-
lytic estimate of the focus point scale (the scale at which the
cancellation is exact) as a function of the initial gaugino mass
ratios, a, b = M1 2(Mx)/M3(Mx). The smallest fine tuning
corresponds to values of @ and b for which the gaugino focus
point scale is close to the electroweak scale. For moderate
a, the value |b| ~ 2.5 — 3 corresponds to such a low-scale
gaugino focus point.

Of course, if arbitrary values of the parameters a and b are
chosen, the contribution to the overall fine tuning from A,
should also be included in the analysis above, which typically
spoils the improvement in fine tuning. However, if @ and b are
fixed by the underlying theory such contributions are absent.
As discussed in [145-155] values of a and b in the low-
focus-point region occur naturally in a variety of models. To
illustrate this we show in the first plot of Fig. 4 the predicted
points for the SU(5), SO(10) and E¢ GUT models (denoted
by circles, squares and diamonds, respectively) considered
in [157]. GUT models with F terms in 75 or 200 of SU(5),
in 210 or 770 of SO(10) and in the corresponding represen-

9 Another advantage is that the accuracy of the prediction for gauge
coupling unification is also improved [156].

universal gaugino masses; see text for details. The contours do not
change much for larger tan g

tations of ‘flipped SO(10)’ embedded in E¢ predict gaugino
mass ratios in the intermediate and low fine tuning region.
Green triangles represent the OII orbifold model for various
choices of the discrete Green Schwarz parameter, §gs [158].
The values §gs = —5, —6, —7 are optimal from the point of
view of fine tuning. For comparison we also show points rel-
evant for mirage mediation [147,159, 160], where soft terms
receive comparable contributions from gravity (modulus)
and anomaly mediated SUSY breaking. In this case gaug-
ino masses at the GUT scale have the following form:

M =m32 (0 +bag?) 23)

where g, is the relevant gauge coupling, b, is its B-function
coefficient, while o describes the relation between modulus
and anomaly mediated contributions. This prescription for
gaugino masses as a function of ¢ generates the grey line
in Fig. 4 in the (a, b) parameter space. If p is a continuous
parameter there should be an additional contribution A, to
the overall fine tuning. However, specific string models fix
the value of . Four examples are shown in Fig. 4 by the blue
inverted triangles:

(i) the minimal setup of KKLT-type moduli stabilisation
in type II B string theory [161-163],

(i1) amodel with vacuum uplifting via hidden sector matter
superpotentials [161],

(iii) and (iv) the Mini Landscape of orbifold compactifi-
cations in heterotic string theory [164] with SU(4) and SU(5)
hidden sector gauge groups; the type II B string theory model
with vacuum stabilisation by F terms of hidden sector mat-
ter superpotentials predicts values of a and b in the low fine
tuning region.

Given that there are models that naturally have the gaugino
focus point at the EW scale it is interesting to ask how the
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Fig. 5 Dependence of the fine tuning on the Higgs mass. The light red
points are before any cuts while the dark red points take into account
cuts on the SUSY masses and the relic neutralino abundance. The left

overall fine tuning is affected. We consider the case of the
MSSM with the CMSSM spectrum modified to allow for
non-universal gaugino masses at the unification scale (the
(CMSSM) and requiring gauge coupling unification. The
results of a fit to all the available data including the DM
abundance is shown in Fig. 5 where it can be seen that there
are some points, with a and b in the low fine tuned regions of
Fig. 4, with fine tuning less than 100, marginally acceptable
by the criterion of Eq. (16).

Due to the additional flexibility in the gaugino sector, a
large variety of LSP compositions is possible. For points sat-
isfying the relic abundance upper bound the LSP is mainly
composed of wino and Higgsino, with typically only a very
small bino component. Unlike the case for the CMSSM the
direct detection cross section lies below the Xenon100 limit
with the bulk of the points more than two orders of magni-
tude below. The correct relic abundance seems to be more
easily achieved with a Higgsino-like LSP. A recent discus-
sion of the phenomenology of the low fine tuned points can
be found in [165].

4.3 Beyond the MSSM

The MSSM is the minimal extension of the SM, minimal
in the sense that the fewest new states have been included
when building a SUSY model. Could it be that non-minimal
extensions reduce the fine-tuning constraints on SUSY and
have not yet been experimentally tested?

4.4 Operator analysis

A useful way to look such extensions is to allow for a general
modification of the MSSM by adding higher dimension oper-
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plot is uniform in the density of the input parameters, their density
reflects the likelihood for finding a viable point. The right plot shows
additional points where we zoomed into regions of small fine tuning

ators [166—173] that correspond to the effective field theory
that results from integrating out additional heavy degrees of
freedom, of mass M,, and ask if such operators can reduce
fine tuning. There is a unique leading dimension 5 operator
with the form
1
L= / d*0f (X)(HuHa) 24
M,

where X = 060mg and mg is the SUSY breaking scale.

This gives contributions to the scalar potential of the form

V = (hul® + lha>) (x1huha +hc)

+%<xz(huhd>2 +h.e) (25)
where x1 = 2 f (0) et /Mx, x2 = —=2f'(0)ymo/ M and fiefp
is the effective i term. Note that the x; term is supersymmet-
ric so there are associated corrections involving Higgsinos
that will generate Higgsino mass terms of the same order of
magnitude as the correction to the Higgs mass terms (once
the Higgs acquire their VEVs). However, in practice these
corrections are going to be of O(10 GeV), important to get
a Higgs mass of 125 GeV but small compared to the Hig-
gsino mass coming from the . term. For this reason we
concentrate on the effect in the scalar sector.

The fine tuning of this model has been analysed in [174]
where it was shown that the fine tuning is significantly
reduced by the first term of Eq. (25) while the second term
only gives a modest reduction. The dominant effect comes
from the contribution of Eq. (25) to the Higgs mass after
electroweak breaking and, due to the fact that the first term
involves an extra power of £, it gives the larger contribution.

The obvious question is what new physics can give rise to
the first operator corresponding to this term. The answer is
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through the integration out of a new heavy gauge singlet or
SU(2) triplet superfield coupling to the Higgs sector. Inter-
estingly the operator is not generated in the NMSSM, the
simplest singlet extension of the MSSM, as it requires an
explicit mass term for the singlet super field'® We refer to
this model as the generalised NMSSM (the GNMSSM).

4.5 The GNMSSM superpotential

The most general extension of the MSSM by a gauge singlet
chiral superfield consistent with the SM gauge symmetry has
a superpotential of the form

1 1
W = Wyukawa + §KS3 +(u+AS)H,Hy +£S + EHSSZ
(26)
1
= Wmssm + wHy Hy + £S + Eussz (27)

where Wyykawa 1 the MSSM superpotential generating the
SM Yukawa couplings and YWnmssw is the ‘normal’ NMSSM
with a Z3 symmetry. One of the dimensionful parameters can
be eliminated by a shift in the VEV v,;. We use this freedom
to set the linear term in S in the superpotential to zero, & = 0.

The form of Eq. (12) seems to make the hierarchy prob-
lem much worse as the SM symmetries do not prevent arbi-
trarily high scales for the dimensionful mass terms. How-
ever, these terms can be naturally of the order of the SUSY
breaking scale if there is an underlying ZF or Z® symme-
try [176,177]. Before SUSY breaking the superpotential is
of the NMSSM form. However, after supersymmetry break-
ing in a hidden sector with gravity mediation soft super-
potential terms are generated but with a scale of order the
supersymmetry-breaking scale in the visible sector charac-
terised by the gravitino mass, m3,>. With these the renormal-
isable terms of the superpotential take the form

sz ~ WnNMssm + m§/2 S+m3p S? + m3y2 Hy Hy |
(28)
Wzr ~ Wimssm + m3 S (29)

where the ~ denotes that the dimensional terms are specified
up to O(1) coefficients. Clearly the Zf case is equivalent
to the GNMSSM. After eliminating the linear term in S the
Zg case gives a constrained version of the GNMSSM with
M/t = 2K /N

Note that the SUSY breaking also breaks the discrete R
symmetry but leaves the subgroup Zf , corresponding to the

10 Very recently it has been pointed out [175] that it is possible to
enhance the effect of the second term in Eq. (25) for the case that the
singlet field acquires a Dirac rather than a Majorana mass. This also
leads to a significant reduction in fine tuning even for a singlet with
mass in the multi TeV range.

usual matter parity, unbroken. As a result the lightest super-
symmetric particle, the LSP, is stable and a candidate for dark
matter.

4.6 Fine tuning in the GNMSSM

Several groups have recently analysed the fine-tuning impli-
cations of the GNMSSM [178-184]. Requiring that the cou-
plings remain in the perturbative domain up to the Planck
scale, the resulting fine tuning has been explored in detail for
the simplified case of universal boundary conditions for the
SUSY breaking parameters (CGNMSSM) [178,179]. Note
that this goes beyond the operator analysis as we do not
require that the singlet mass need not be large compared to the
other parameters of the theory and thus cannot be integrated
out. However, even allowing for the additional contribution
to the Higgs mass coming from the singlet couplings, the
regions of this model corresponding to low fine tuning have
essentially been ruled out by a combination of LHC non-
observation of SUSY and dark matter (DM) abundance. In
particular the DM abundance has to be reduced below the
‘over-closure’ limit and this is dominantly through stau co-
annihilation that is only effective for relatively low m( and
m1,2 and hence sparticle masses in the reach of LHCS.

For the case of non-universal gaugino masses (the (C)
GNMSSM) the situation changes because the LSP can now
have significant Wino/Higgsino components that ensures its
efficient annihilation. In Fig. 6 we show the results of a scan
[184] over the region of parameter space which allow for
a rather large Higgs mass corresponding to large A, (which
implies smallish « and small tan 8). The minimal fine tuning
after the cuts were imposed is below 20, perfectly acceptable
by the criterion of Eq. (16), and there are significant areas of
low fine tuning remaining to be explored by LHC14.

To infer something about the typical phenomenology of
the low fine tuned regions we consider viable points with
fine tuning below 100. Similar to the case of the CGN-
MSSM the viable points have a large supersymmetric singlet
mass parameter, leading to heavy singlet states. In detail this
constraint comes from the need to achieve acceptable elec-
troweak breaking consistent with the universality of scalar
masses at the high scale and is why such boundary condi-
tions are inconsistent with the NMSSM. Allowing for non-
universal Higgs masses solves this problem for the MSSM
and in the case of the GNMSSM it will allow for lighter
singlet states.

In the universal scalar mass case considered here, the sin-
glet states are always heavy and the dominant effect is the
change to the Higgs mass that reduces the fine tuning as was
found in the CGNMSSM with universal gaugino masses.
However, as mentioned above, the region of parameter space
of the CGNMSSM that solves the little hierarchy problem
has essentially been ruled out by a combination of LHC non-
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Fig. 6 Dependence of the fine tuning on the lightest Higgs mass in
the (C)GNMSSM. The light blue points are before any cuts while the
dark blue points take into account cuts on the SUSY masses and the
relic neutralino abundance. The /eft plot is uniform in the density of
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Fig. 7 (i) The dark matter direct detection cross section as a func-
tion of the neutralino mass. It has been scaled (i.e. multiplied with
(th)th/ 0.1199) to account for cases with underabundant neutralinos.
Also shown is the latest bound from XENON100. (ii) The dark matter
composition, that is, the bino, Wino and Higgsino fraction of the LSP,
as a function of the relic density. Mostly bino-like LSPs are shown in

observation of SUSY and dark matter abundance. For the
case of non-universal gaugino masses the situation changes
because the LSP can now have significant non-bino com-
ponent to allow for its efficient annihilation. In Fig. 7 we
show the direct detection cross section versus the mass of
the lightest neutralino together with the latest bound from
XENONI100 as well as the dark matter composition as a
function of the relic density. As has been observed in pre-
vious studies [185,186] of other models, it may be seen that
the mass is in the TeV range, most often Higgsino-like. It can
be seen that almost all of the points are below the XENON100
direct detection limit. Regarding the composition we see that
for the correct relic density or an underabundance the LSP
is mainly composed of wino and Higgsino, with typically
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the input parameters, their density reflects the likelihood for finding a
viable point. The right plot shows additional points where we zoomed
into regions of small fine tuning. The minimal fine tuning after the cuts
were imposed is below 20; requiring a = b = 1 it is about 80
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blue, mostly Wino-like LSPs are shown in red and mostly Higgsino-like
LSPs are shown in green, where mostly means a fraction >0.5. (iii) The
distribution of bino-, Wino-, and Higgsino-like LSPs in the a — b plane.
For all points, in addition to the SUSY and Higgs cuts, a fine tuning
A < 100 was imposed. The grey points are before the fine tuning cut

only a very small bino component. As in the MSSM the cor-
rect relic abundance seems to be more easily achieved with
a Higgsino-like LSP. Note that, as is the case for all cases
involving universal squark and slepton masses [137], it is
not possible to significantly reduce the discrepancy of SM to
g—2.

In Fig. 8 we show typical masses of the superpartners in
the low fine tuned region. It can be seen that points with fine
tuning below 100 can have gluino masses beyond 2 TeV and
squark masses around 3 TeV. The squarks can be much heav-
ier due to a contribution from m. This is limited by the fine
tuning implications of a heavy stop unless one is near the
scalar focus point. In the CMSSM these points were ruled
out by direct dark matter searches as the LSP had signifi-
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Fig. 8 Mass spectrum of points with fine tuning A < 100 and all other cuts imposed

cant Higgsino component but in the case of non-universal
gauginos this is no longer true. It is also possible that m
is small and the scalar masses are driven by the Gluino and
Wino masses. In this case the squark masses will not be much
heavier than the gluino although one must worry about slep-
tons being too light—in particular the neutrino should not
be the LSP as this possibility has been ruled out by direct
dark matter searches. For the case of heavy squarks the LHC
signal is dominantly gluino pair production and decay, but
this may be significantly reduced because of the compressed
spectrum. Covering the whole of the low fine tuned region
will be challenging and will require looking for signals sen-
sitive to compressed spectra [187,188].

4.7 Other approaches

Several other ideas have been suggested to reduce fine tuning.
One possibility is that R-parity violation reduces the LHC
bounds on SUSY states. This come about because such R-
parity violation allows the SUSY state to decay and, if this
is dominantly into visible energy, the missing energy signals
will be diluted. Of particular interest are the baryon number
violating operators A; j (U D; Dy, that lead to SUSY decay
into quarks!!. Such effects have been widely explored [191—
203]; however, a recent analysis [ 144] concludes that the fine
tuning is still very large in these models unless, of course, as
discussed above one allows for correlations between MSSM
parameters and/or an extension of the MSSM spectrum.
Another way of reducing the fine tuning that has been
mentioned in Sect. 3.4 is to lower the scale at which the fun-
damental parameters are defined. This is the case for gauge

I Through simple discrete symmetries [189,190] such terms can arise
without the appearance of lepton number violating operators and unac-
ceptable rates of nucleon decay.

mediation where the relevant scale is given by the gauge
mediator mass. Detailed analyses of realistic models of gen-
eral gauge mediation [139,140,204] find that the fine tuning
may be reduced by a factor of 2 when the mediation scale
is reduced from the GUT scale of 0(1016 GeV) to a scale
of O(10° GeV). This reduction is quite modest and will still
require extensions beyond the MSSM of the form discussed
above to achieve acceptable fine tuning.

Finally it has been suggested that one should ignore the
fine tuning problem altogether [205-207], perhaps appealing
to anthropic arguments to justify the existence of alight Higgs
capable of generating the EW breaking scale. Even so a case
can be made for an underlying SUSY theory with phenomena
accessible to the LHC. The reason is that the SUSY gauginos
may be lighter than the underlying SUSY breaking scale due
to chiral symmetry (an R-symmetry) broken at a lower scale.
In this ‘split SUSY” case the SUSY scalars, the squarks and
the sleptons, are heavy, beyond the LHC reach, while the
gauginos are quite light. The gauginos provide the dominant
contribution to the difference in the beta functions between
the SUSY case and the SM case and thus the success of
SUSY gauge coupling unification is maintained'?. Further,
as for conventional SUSY, if the gauginos are light they can
provide a viable dark matter candidate. Split SUSY has been
widely studied but, due to lack of space and inclination, we
do not discuss it further here.

5 SUSY and flavour physics

As we have seen the LHC results have significantly increased
the lower bound on the masses of SUSY states. This in

12 Indeed by adjusting the mass of the heavy SUSY scalars the agree-
ment with the observed gauge couplings can be improved.
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turn has implications for flavour physics and it is perhaps
timely to re-examine the constraints on SUSY coming from
the absence of flavour-changing neutral currents (FCNC)
and CP-violating effects [208]. In supersymmetric models
flavour-changing and CP-violating effects can be signifi-
cantly enhanced relative to the SM, driven by processes
involving squarks and leptons. In particular such models
introduce new sources of CP violation such as the phase
of the p term or of the diagonal Ay parameters which, if
unsuppressed, lead to unacceptable electric dipole moments
(EDM)—the SUSY CP problem. They also generate signifi-
cant contributions to processes such as K%, K° mixing and
w—ey.

In the latter case the branching ratio for this process is
given by (see, e.g., [209])

BR(x — ey) ~ 10°°C

m2 1\ :
2 in (100GeV>

2
me my
Tr Ir

<24 x 10712, (30)

and it is very tightly constrained by the recent measurement
[210] as can be seen on the right-hand side. Indeed, for m e ™
100 GeV the flavour-changing off-diagonal mass term must
be very small, m;ZIRER /mlgR < 1073, Clearly if the lepton mass
is above 1 TeV this constraint is weakened considerably.

Similarly, the bounds on EDMs impose strong constraints
on the SUSY CP-violating phases. In a simplified approach
where all relevant phases are taken to be of the same order ¢
and all soft masses are set to be of the order m the different
dipole moments are given by [211,212],

300GeV\? [t
de~1025ecmxsin¢( ¢ ) (anﬂ)

mo 3
<1.05x 107" ecm (31)
300GeV\? [t
dy, ~ 107 *ecm x sin¢>< © ) ( anﬂ)
mo 3

<29 x10%%¢cm

300GeV \? [t
dpg ~ 107%ecm x sin¢< © ) ( anﬂ)
mo 3

<2.1x 1078, cm,

with the current limits [213-217] given on the right-hand side
of the equations, requiring

1 (tanﬁ) <3OOGeV)2 <3OOGeV)2
— ~ 100 =) ~100 .
sin ¢ 3 mo mo
(32)

Again we see that TeV scale SUSY significantly eases the
bound on the CP-violating phase although there is still need
for small CP-violating phases, ¢.

@ Springer

These estimates apply models that have no intrinsic mech-
anism to solve the flavour problem but the rates are consider-
ably reduced in models in which there is family symmetry to
generate viable Yukawa couplings and their related masses
and mixing angles. In this case one starts with a CP-invariant
theory (compactified 4D theories in string theory often are
CP invariant—CP being a discrete relic of the higher dimen-
sional Lorentz group). CP is then spontaneously broken by
the familon VEVs that spontaneously break the family sym-
metry. Via the Froggatt Nielsen mechanism the familions
generate the CP-violating Yukawa couplings in the flavour-
changing sector where it is observed to be large. CP vio-
lation in the flavour conserving sector, where it is small, is
driven by the flavour changing couplings and consequently is
suppressed by powers of small mixing angles. The resulting
models do not realise exact minimal flavour violation (MFV)
as the soft A-terms do not have exactly the same structure
as the Yukawa couplings and lead to additional FCNC and
CP-violating effects. However, these corrections are also sup-
pressed by powers of small mixing angles.

Detailed estimates for various SUSY models of this type
have been made [218-220]. As an example of the expected
rates we consider a supergravity model with an SU(3) fam-
ily symmetry that, while unbroken, guarantees the degener-
acy of squarks and sleptons in a given representation of the
gauge group'3. CP-violating and flavour-changing couplings
are generated when the symmetry is spontaneously broken.
Then the rate for © — ey characterised by the mass insertion
parameter, |(8£R)12| [222-224], is given by

Ao (200 GeV)2 10 7\
100GeV  (i;)jg tanp \0.13

[yl |x123 — x23 — xx]. (33)

1(8f )12l ~ 1x 1074

where € is the expansion parameter determining the mixing
in the down quark charged lepton sector [225] (of the order
of the Cabibbo angle) and y; and x23,23 5 are parameters
that are typically of order 1. The parameter y; is the coeffi-
cient of the leading super potential term generating the lepton
mixing and x123 23, are the coefficients multiplying the nat-
ural magnitudes of the F terms of the familon fields. For the
EDM one finds for the relevant mass insertion parameters
[218-220]

Ao [500GeV\2 [ & \}/ & \2
Im(s¥ ~2x 1077 013 0.05
m@p)ul ~ 2> 10745550y ( (r?zum) (0-13) <0~05>

|y1f + y2f| [x123 — x23 — xx|sin ¢y,

4 A (500GeV\?[ & \° 10
Mm(Sfg)il ~ 5% 10 —— | |
100GeV \ ()R 0.13) tang

Iylf +y2f| |x123 — x23 — xx|sin ¢y,

13 For a more general analysis and comparison with MFV expectations,
see [221].
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(S )11l ~ 2 x 1077

Ay (200GeV\%/ & \° 10
100GeV \ (m.)Lr 0.13/) tanp
|Y'1f + yzfl [x123 — x23 — xx|sin ¢y, (34)

where € is the expansion parameter determining the mixing
in the up quark sector, ylzf are the analogues of yj in the quark
sector and ¢ is a CP phase associated with the VEV of the
relevant familon field.

The present experimental bound from the non-observation
of u — ey is |(8fR)12| < 1073, which is in some tension
with this bound, requiring, for example, 7; = 600 GeV if the
remaining factors in Eq. (33) are of O(1). For the EDMs the
most stringent bound comes from mercury and corresponds
to |Im(8ﬁR)11| <6.7x10 8 and requires my = 1, 500 GeV
if the other factors are of O(1).

It is interesting that the SUSY mass scales needed for con-
sistency with the FCNC and CP-violating bounds are close
to the increased mass scales needed to accommodate the
125 GeV Higgs mass, suggesting that the experimental limits
on CP and FCNC may be quite close to the actual rates'*.

6 Summary and conclusions

The discovery of a Higgs candidate at 126 GeV may be seen
as a success for the idea that there is a low-scale SUSY exten-
sion of the SM because the Higgs mass lies in the relatively
small range favoured by SUSY. Moreover the observed prop-
erties of the candidate Higgs are just what are expected of an
elementary state whose interactions are in the perturbative
domain, as is expected in SUSY with gauge coupling unifi-
cation. However, there is no doubt that evidence for SUSY
is overdue in the sense that the naive expectation is that there
should be SUSY partners of SM states with EW scale masses,
accessible at LEP. The non-observation, to date, of coloured
SUSY states at the LHC has made this discrepancy consid-
erably worse as such states are pushed up to the TeV scale.
This discrepancy is exacerbated by the Higgs discovery, as
its mass lies at the upper end of the anticipated range and, at
least in simple models, requires large radiative corrections to
the Higgs mass and the corresponding need for large SUSY
breaking parameters. Fits to the simple models, the CMSSM
and the CNMSSM, show that they are under considerable
pressure with only a very small region of parameter space
consistent will all available data including the dark matter
abundance and direct dark matter searches.

To sharpen the test of SUSY as a solution to the (little)
hierarchy problem it is necessary to quantify the level of fine

14 This depends on the O(1) assumption for the values of the x, y
parameters. While this is the most natural value there is a mechanism
capable of suppressing the rates a bit more, by an extra power of € in
[Im(8;'g)11| and of € in |Im(8]‘iR)11 | and |Im(8£R)11|, respectively (for
further details see [220]).

tuning needed to generate the observed EW scale in the pres-
ence of TeV-scale SUSY. Recent work has shown that, for
the case that the EW breaking scale is treated as a nuisance
variable, the fine tuning measures of fine tuning commonly
used can be derived from a likelihood fit of the SUSY model
to the present data. The advantage of this is that one can put
an upper bound on the fine tuning consistent with an accept-
able fit to the data. Applying this to simple SUSY exten-
sions of the SM, namely the CMSSM and the CNMSSM,
gives unacceptably large values of fine tuning, confirming
the naive expectation. However, this does not mean that the
possibility that SUSY solves the little hierarchy problem has
already been excluded because it may be that non-minimal
implementations of SUSY are not heavily fine-tuned. Fine
tuning is strongly dependent both on the nature of the soft
SUSY breaking terms and on the spectrum of the particular
SUSY extension of the SM and both possibilities have been
explored.

As is illustrated by the scalar focus point in the CMSSM
and CNMSSM that results from the assumption of degenerate
scalars at the initial (unification) scale, correlations between
the soft parameters can reduce the fine-tuning substantially.
The only other theoretically well-motivated focus point that
has been found corresponds to gaugino masses that are non-
degenerate at the initial scae so that the gluino and winos are
close in mass at the EW scale. Modifying the initial condi-
tions for gaugino masses in the CMSSM and CNMSSM to
achieve this does result in a considerable reduction in fine
tuning but it is still uncomfortably large.

The effect of a new states beyond those of the MSSM
has, for the case these states are very heavy, been explored
in a model independent way via the introduction of higher
dimension operators. This shows that, even for the mass of the
additional states in the multi TeV region, the fine tuning can
be substantially reduced, largely by generating an additional
contribution to the Higgs mass, reducing the need for very
large SUSY breaking terms. The simplest way to generate
the operator most significant for the reduction in fine tuning
requires the addition of a singlet super field to the MSSM,
as in the NMSSM. However, it requires a generalisation of
the usual NMSSM through the addition of explicit EW scale
mass terms for the Higgsinos and the singlet, something that
can be ensured by a discrete R-symmetry. Analysis of this
model shows that with the normal constrained initial spec-
trum the fine tuning is still uncomfortably large but allowing
for non-universal gaugino masses there is a substantial region
of the parameter space for which the fine-tuning drops to per-
fectly acceptable level even for squarks and the gluino with
masses in the (1-3) TeV region. Indeed the fine tuning is close
to the minimum found for the variation of the parameters at
a low (EW) scale only, showing that it is possible to achieve
such low fine tuning in a UV complete theory that preserves
the success of gauge coupling unification. The large mass of
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the coloured SUSY states, together with the fact that often
the low fine tuned spectra are considerable compressed, cor-
responding to low E7 missing signals, means that it may be
difficult to test the model fully even at LHC14. Dark matter
can be consistent with the WMAP bounds and direct detec-
tion limits, the expectation of all the models analysed being
that the LSP should be heavy, of O(1 TeV), and most often
with a substantial Higgsino component. However, the scat-
tering cross section can be very low so that the low fine tuned
region will not be fully tested even by XENONIT.

An associated effect of the increased bound on the SUSY
masses is that the constraints from flavour-changing neutral
currents and CP violation are significantly reduced. It is still
necessary that the new CP-violating phases associated with
the flavour singlet sector be small but this can be readily done
in models with an underlying family symmetry. However,
this provides only a relatively modest suppression and the
expectation is that processes such as © — ey and electric
dipole moments will be close to their present limits.
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