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1. Introduction

The discovery of the Higgs boson at the LHC [1, 2] marks one of the most important milestones
in particle physics. Its mass is known rather precisely: ATLAS reports m;, = 124.974+0.24 GeV [3]
and CMS my, = 125.26 £0.21 GeV [4]. Moreover, the signal strength of LHC searches in various
channels for both bosonic and fermionic final states has been found consistent with predictions of
the Standard Model (SM), see e.g. [5, 6, 7, 8]. Even though this completes the SM particle-wise,
several important questions still remain open, e.g. (i) Is it possible to include the SM in a grand
unified theory where all gauge forces unify? (ii) What stabilizes the Higgs mass at the electroweak
scale? (iii) Is there a particle physics explanation of the observed dark matter relic density?

Supersymmetry (SUSY) is still one of the best motivated extensions of SM addressing several
of these questions. Consequently, the search for SUSY is among the main priorities of the LHC
collaborations. Up to now no sign for supersymmetry or any significant deviation from the Standard
Model (SM) prediction has been found has been found at the LHC', e.g. in simplified models
bounds on the gluino mass of up to about 2 TeV have been set in various channels [9, 10, 11, 12]
exploiting about 36 fb~! of data in each experiment. However, note that these bounds depend on
the spectrum and get reduced significantly if the spectrum is rather compressed [13] as has been
noted early on [14].

In the minimal supersymmetric standard model (MSSM) the mass of the lighter Higgs boson
is bounded to be below the mass of the Z-boson at tree level implying the need of very large
radiative corrections of at least 90% with respect to the tree-level as m2 ~ m% + 86> GeV. It has
been known for a long time that such large radiative corrections due to the top-quark and stops, the
scalar partners of the top-quark, indeed exist as the top-Yukawa coupling is order 1. This requires
that either the geometric average of the stop masses M§ = mjz,mz, is large and/or the existence of
large trilinear coupling A; [22] as can be seen by inspecting the most dominant contributions which
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X; = A; — ucotf3 is a measure of the left-right mixing with u being the higgsino mass parameter,

are given by

tan 8 = v, /v, the ratio of the two vacuum expectation values and v> = v2 +v2 = 4m3, /g°.

2. Implication for models with MSSM particle content

The question, to which extent the observed Higgs mass can be explained within a given su-
persymmetric high-scale model and what are the resulting implications on the spectrum has been
investigated by several authors. The main results can be summarized as follows: in minimal gauge
mediated SUSY breaking (GMSB) models one finds m;, > 6 TeV with 7] being the lightest of the
coloured SUSY particles als the lightest neutralino is in the TeV range [23]. The main reason is

'However, there are intriguing hints in at nearly 4 sigma that lepton universality could be violated in B-meson
decays which would be a clear signal for new physics. This could partially be explained in the context of supersymmetry
[15] but might require different extensions, e.g. leptoquarks, see for example [16, 17, 18] or new vector bosons, see for
example [19, 20, 21].
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that at the so-called messenger scale one finds A; = 0 requiring the stops to be very heavy. If this
were realized in nature, the LHC at 14 TeV would not be able to discover SUSY but would require
a higher center of mass energy, e.g. a 100 TeV collider [24]. However, in extended GMSB models
non-zero trilinear couplings are possible at the messenger scale and consequently there are cor-
ners in parameter space [25] with lighter squarks, e.g. m;, ~mj = 1 TeV, which is the mass range
explored by the current LHC run [10, 26].

In the constrained MSSM (CMSSM) or slightly extended versions with non-universal Higgs
mass parameters (NUHM-models) the explanation of the observed Higgs mass requires at Mgy,
the scale of grand unification (GUT), the condition |Ag| ~ 2my [27, 28, 29]. Here Ay and my are
the common trilinear coupling and the scalar mass parameter, respectively. Fitting the CMSSM to
the Higgs mass taking into account low energy and LHC constraints one finds that the best fit point
[30] has the typical mass scales mg,mg 2 2 TeV, m;, ~ 600 GeV and Mo = 450 GeV. This implies,
that the up-to now negative search results at the LHC are consistent with this part of the parameter
which, however, will be probed by the current and next LHC runs. Also in even more general high
scale models with non-universal parameter at Mgy the requirement of large trilinear couplings,
e.g. [Ao| = (1 —3)max (M, 5, mg,,my,), persists [31].

There is however a potential problem with large trilinear couplings such as A; or Ag; namely the
danger that a global minimum of the scalar potential exists which is colour and/or charge breaking.
It has been shown that large regions of the CMSSM parameter space with m;, ~ 125 GeV are indeed
ruled out by color/charge breaking minima [32].

High scale models like GMSB or CMSSM predict a rather hierarchical mass spectrum for the
supersymmetric particles giving rise to hard jets and leptons at the LHC in combination with large
missing transverse momentum with only small/tiny SM background. In contrast to these models,
the general MSSM allows for the possibility that at least part of the spectrum with different species
is rather compressed leading to substantial reduction of mass the bounds of various supersymmetric
particles, see e.g. [14, 33, 34, 35]. This can be even more involved if flavour violating and/or CP
violating parameters are present, which could still be large for the third generation [36, 37], as this
can significantly alter the decay branching ratios.

A particular subclass of the general MSSM are so-called ‘natural SUSY” scenarios [38, 39, 40].
The basic idea is of these models is to take only those SUSY particles close the electroweak scale
which give a sizeable contribution sizeably to the Higgs mass my;,. In this way a too large fine-
tuning of parameters of unrelated sectors is avoided. Multi-TeV scale masses are assigned to all
other SUSY particles. In particular, the higgsinos, the partners of the Higgs bosons, and the light
stop have masses of the order of a few hundred GeV. In addition the masses of the gluino and the
heavier stop should be close to the TeV scale. This implies a rather compressed spectrum of the
lightest neutralinos and the lightest chargino with mass differences of O(1 GeV). This implies that
the decay products of the leightest chargino and the second lightest neutralino are rather soft and
cannot be identified as such at the LHC and are difficult to be detect in direct searches [41] at the
LHC. This also implies that decays like b, — 7t and 7} — )Z?t cannot be distinguished at the
LHC. While these models are interesting from the point of view of fine-tuning they cannot explain
the observed relic dark matter density as the annihilation cross sections of higgsinos are rather
large[?]. Moreover, also this class of models requires large A, and, thus, the allowed parameter
space gets constrained by the requirement of the non-existence of global charge and/or colour



SUSY overview Werner Porod

breaking minima [42]. As already mentioned above, data from the current LHC run imply mass
bounds of up to m; ~ 1 TeV assuming a large mass hierarchy between the stop and the higgsinos
[43, 44]. We note for completeness that even in Natural SUSY the higgsinos might have larger
masses due to possible existence of the soft SUSY breaking term [45] u'H, H, resulting in higgsino
mass of order u + '

Staying with MSSM particle content one can extend the model by allowing for R-parity vio-
lating couplings. Usually it is argued that this class is less motivated as it lacks a good dark matter
candidate as the lighest supersymmetric particle (LSP) becomes unstable. However, supergravity
implies that existence of the gravitino which is a potential dark matter candidate if it is light [46].
R-parity violation via lepton number violation gives a potential explanation of the observed neu-
trino data and mixing structure [47, 48]. For the following remarks we concentrate on these parts
of the parameter space. R-parity leads to a considerable change of the phenomenology due to the
LSP decays. On the one side the amount of missing transverse energy is reduced on the other side
there is possibility of displaced vertices which is a consequence of the smallness of the neutrino
masses. Combining both aspects one finds that the LHC roughly is roughly the same as in the
R-parity conserving MSSM once different channels are combined [49, 50]. Interestingly one can
test if R-parity violation is indeed the source of neutrino masses and mixings as certain LSP decays
are related to neutrino data, e.g. BR()Z? — 1q9q9)/ BR()Z? — 1qq) ~ tan® O, [51] with 8, being
the atmospheric neutrino mixing angle. Such relations exist independent of the nature of the LSP
[52].

3. Extended supersymmetric models

The requirement of having very large radiative corrections to explain m, is a hint to go beyond
the MSSM. In non-minimal extensions, the tree-level bound can be pushed to larger values due to
the extra F-contributions as in the next to minimal MSSM (NMSSM) [53] or due to extra D-term
contributions in models with an enlarged gauge group [54] close to the electroweak scale. The
main difference within the NMSSM is the extended Higgs sector but the phenomenology of the
SUSY particles hardly changes. The main difference occurs in case of a singlino LSP as in this
case the cascade decays of the SUSY particles get enlarged by an additional step. However, the
main signatures remain as in the MSSM and we refer to ref. [55] for further details.

Here we concentrate on models with extended gauge groups. As examples we consider SO(10)
inspired left-right symmetric models, which have several virtues: (i) They gives an explanation of
the observed neutrino masses and mixing pattern, (ii) They can explain the conservation of R-parity
as U(1)p_r is a subgroup of SO(10), (iii) The R-sneutrino, the partner of the right-handed neutrino,
is a potential dark matter candidate [56, 57]. In view of the Higgs mass, taking for example the
breaking chain

SO(10) — SU(3)c x SU(2), x SU(2)g x U(1)5_1
— SU(3)C X SU(2)L X U(I)R X U(I)BfL = SU(3)C X SU(Z)L X U(l)y X U(l)l

on obtains larger tree-level bounds such as [58] my, < m% + % gfc v? where gy =~ gy reducing the need

for radiative corrections to about 50% which still is large. However, this reduces the need for rather
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Figure 1: Left: LHC constraints on combinations of my, and u due to chargino pair production pp —
2P X — "1 VgV;. Right: LHC constraints on combinations of my, and m; due to slepton/sneutrino
production in case of an R-sneutrino LSP fixing u = my, +25 GeV, M| = M, = 2 TeV, my, = 20 GeV
and tan § = 6. Red points are excluded, blue ones are allowed and in case of the green ones no conclusive
statement can be drawn, within the known theoretical and experimental uncertainties. See ref. [62] for
details.

Figure 2: LHC constraints on combinations of mg, and m; due to slepton/sneutrino production in case of
an R-sneutrino LSP fixing u = 400 GeV, M| = M, =2 TeV, my, =20 GeV and tan 3 = 6. Red points are
excluded, blue ones are allowed and in case of the green ones no conclusive statement can be drawn, within
the known theoretical and experimental uncertainties. See ref. [62] for details.

large A; and thus the danger of charge/color breaking minima. The additional particle content has
several phenomenological implications: (i) In particular in scenarios where a R-sneutrino is the
lightest supersymmetric particle (LSP) one finds an enhanced lepton multiplicity in the cascade
decays of supersymmetric particles [59]. Moreover, in contrast to the MSSM, where the the right-
handed squarks decay essentially only into the LSP and a jet, one finds here sizeable branching
ratios in the additional gaugino which decays further leading also in these case to cascade decays.
While this reduces the importance of the 2-jet plus missing energy channel at the LHC, other chan-
nels become more important implying the current bounds on squarks and gluinos hardly change.
(i) The existence of a light additional, SM gauge singlet Higgs boson [54, 58, 60]. The direct
production channles of these Higgs bosons is tiny but they show up in the decays of the heavier
Higgs bosons as well of SUSY particles. (iii) Gauge kinetic mixing and additional Z" decay modes
can significantly alter the LHC bounds on the Z' mass reducing it up to 500 GeV [58, 60].

One might ask if the additional particle content can potentially solve the dark matter problem
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of Natural SUSY. In principle, a light right-handed neutrino vg with a mass in the keV range can
do this as in the vSM [61]. We note for completeness that this is rather difficult to achieve such a
scenario in a simple SO(10) scenario as the required smallness the neutrino Yukawa couplings can
hardly be obtained. If this were the only change, then the LHC phenomenology of Natural SUSY
would not change. It is well conceivable that the mechanism causing the lightness of the v leads
also to light sleptons and sneutrinos. Assuming that a R-sneutrino is the LSP one gets immediately
constraints on the {-parameter from higgsino pair production as now the decay ;" ~ 711+ — [T Vg
is allowed [62]. Using 8-TeV and 13 TeV (with an integrated luminosity . = 13.9 fb~!) LHC data
one obtains a bound of about 380 GeV on u provided there is sufficient phase space. This bound
is hardly improved by the 36 fb~! data [63]. In case that also the usual sleptons have masses in the
range of a few hundred GeV, they are mainly produced via pp — I V;. In such a scenario one gets
constraints from LHC data on the soft SUSY breaking parameter M;, which sets the mass scale of
the sleptons, of up to 580 GeV using the analyses implemented in the CheckMate package. We
refer to ref. [62] for further details. Note, that these bounds apply to any other model containing the
corresponding particles. The 36 fb~! data push this bound up to about 630 GeV [63]. Here it has
been assumed that the sleptons decay via two-body decays into charginos and neutralinos which
decay further into higgsinos. In the part of parameter space, where the higgsinos are heavier than
the sleptons three body decays such as [ — ggq’ occur. In case of the left-sneutrinos the decays into
hvg and Ziig dominate if kinematically allowed. The combination of these decay modes implies
a substantial reduction of the bounds on the sleptons down to about 200 GeV [62] as can be seen
in fig. 2. The main for this reductions are that the jets and leptons from the slepton decays are
relativ soft and the appearance of the on-shell Higgs and Z-bosons in the sneutrino decays. This
gets hardly changed even specific searches where Higgs bosons appear in the higgsino decays, e.g.
searches for higgsinos decaying into bosons and a gravitino [64, 65], are taken into account [63].

4. Conclusions

Within the MSSM the explanation of the observed Higgs mass myj, ~ 125.1 GeV requires large
radiative correction. This can be either achieved via heavy stops and/or large left-right mixing
in the stop sector. The latter can lead to charge/color breaking minima putting severe constraints
on the corresponding parameter space. In high scale models such as CMSSM, NUHM or general
GMSB, squarks and gluinos have masses in the 1-2 TeV range within the corresponding parameter
regions which are currently probed at the LHC. If minimal GMSB were realised in nature then the
observed Higgs mass requires a spectrum of coloured SUSY particles beyond the reach of LHC at
14 TeV.

In generic models with MSSM particle content the LHC bounds can be substantially reduced
if the spectrum is at least partially compressed. However, if this realized in Nature, this will require
a quite unusual pattern for supersymmetry breaking as the renormalisation group evaluation of the
underlying parameters yields a quite hierarchical mass spectrum in unified models.

The relatively large value of my, can be understood as a hint to go beyond the MSSM. In
extended models one can get additional tree-level contributions to my, due to F-terms, like in the
NMSSM, and/or due to D-terms, like in models with extended gauge symmetries. This reduces
somewhat the need for large radiative corrections. We have briefly sketched some important fea-
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tures of SO(10) inspired models. Moreover, we have shown that in scenarios with an R-sneutrino

LSP the LHC gives bounds on electroweakly produced particles of up to 580 GeV.
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