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One of the main goals of the LHC is a search for phenomena beyond
the Standard Model. Some basic aspects of such searches at the ATLAS
and the CMS, two universal LHC detectors are recalled. Results of two
representative analyses are shown and the importance of the search for
dark matter candidates is underlined.
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1. Introduction

Searches for phenomena beyond Standard Model (BSM) are the primary
goals of the ATLAS and CMS experiments utilizing two multi-purpose de-
tectors at the LHC.

BSM searches at the LHC are organized into two big subgroups: SUSY
(supersymmetry) and EXO (Exotics at the ATLAS and Exotica at the
CMS). The latter is a short name for all non-(mainstream) SUSY. In the
CMS, Exotica was divided further to establish Beyond 2 Generation (B2G)
subgroup.

Ever growing sets of public results are accessible via portals maintained
by the ATLAS1 and the CMS2 collaborations. Each experiment published
about 150 search papers based on data collected during the first LHC phase
in which proton–proton collision energy was 7 (in 2011) and 8 TeV (in 2012)
and none BSM phenomenon has been found yet.

∗ Based on the talk on behalf of the CMS and the ATLAS collaborations presented at
the XXXIX International Conference of Theoretical Physics “Matter to the Deepest”,
Ustroń, Poland, September 13–18, 2015.

1 https://twiki.cern.ch/twiki/bin/view/AtlasPublic
2 http://cms-results.web.cern.ch/cms-results/public-results/publications
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Some results are still preliminary, whereas fresh 13 TeV pp data are
coming. Cross sections for massive particle production grow with collision
energy and the grow is faster for more massive particles. More than 2/fb of
13 TeV pp data per experiment were registered and about one more inverse
femtobarn is expected this year. Preliminary results based on these new
13 TeV data will become available soon. As a result, it is more and more
difficult for outsiders to follow this inflow of information. I will give below
some very basic guidelines meant for newcomers to the field.

To perform searches for direct BSM phenomena, apart from the well
performing collider operating at the highest possible energy (LHC), an effi-
cient, precise and well understood multi-purpose detector is needed (ATLAS
or CMS). In each search paper, there are references to detector specific in-
formation and methods used in the analysis, but it is much more efficient to
look for an assistance by insiders than to struggle with a substantial chain
of references in a case when such information is crucial e.g. for an inter-
pretation of the search results within a model not taken into account in the
analysis itself. Contact with conveners of appropriate search subgroup could
be very helpful in such a case.

All searches are designed to be as model independent as possible. The
search is defined by its topology, but several topologies for one phenomenon
are possible and vice versa several phenomena could be searched for using
a given topology. These topologies are based on physics objects (jet, Emiss

T ,
leptons, photon). It is very important to validate these objects using data,
to asses their performance, monitor time stability etc. For some searches
custom objects are used (long-lived particles , monopoles etc.).

If one is going to design new search topology, the first step is to consider
what trigger could be employed. Trigger implementations differ between
ATLAS and CMS, but one can distinguish (final) high level trigger (HLT)
working online on computer farm at the detector proximity and reducing the
rate to the level acceptable by the data acquisition system (few hundreds
Hz) and low level (first level) instrumental trigger which must decrease the
rate to the level accepted by the HLT (kHz level). One should remember
that no search is possible without the first level trigger (see e.g. Sec. 4).

A typical search uses signal sensitive variables (at least two if possible).
One (or several) Signal enriched Regions (SR) are defined (both criteria sat-
isfied). The remaining parts of the phase space form Control Regions (CR)
in which at least one criterion is not satisfied. Data driven methods are
(preferably) used to find out and validate transfer factors from CR to SR
to obtain a data driven estimate of background level in the SR (including
background systematics not explained here), however, sometimes it is neces-
sary to use Monte Carlo (MC) sample to estimate the level of background.
The search analysis is usually much more complicated if a ‘shape analysis’
is used instead of a ‘simple counting experiment’.
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2. Search for supersymmetry at the LHC

Supersymmetry could be regarded as a benchmark for general BSM
searches because it is difficult to find topology which is not used for SUSY
searches. For the same reason, many such searches could be reinterpreted
in other models. Canonical signature for models with conserved R parity is
a presence of missing transverse energy Emiss

T . Broad spectrum of analyses
span from inclusive searches for significant Emiss

T accompanied by a given
number of jets, leptons or photons via targeted searches for specific scenar-
ios to exploration of challenging (e.g. compressed spectra) or less standard
(RPV, non-prompt decays etc.) ones.

The fact that SUSY was not yet discovered at the LHC underlines
importance of more difficult, from experimental point of view, scenarios.
What is under permanent development is triggering on soft signals, new
kinematic variables, multivariate analyses, novel background suppression
methods, background estimation (using data driven methods whenever pos-
sible), background systematics (which limits sensitivity for challenging sce-
narios) etc.

Searches are inspired and/or interpreted in specific models (CMSSM,
NUHM, NMSSM etc.) but recently also in the so-called phenomenological
MSSM (pMSSM) [2] (with 19 parameters instead of more than 100 present
in the MSSM) or so-called Simplified Models Spectra (SMS) [3, 4] (effective
descriptions in which only very few lightest supersymmetric partners are
accessible at the LHC).

Examples of SMS diagrams are shown in figure 1, and interpretation of
a search for this 3 lepton topology are plotted (as outer most contours) in
figure 2 (CMS) and in figure 3 (ATLAS) together with many more exclusions
obtained for different topologies addressed in publications [1, 5–7], when
searching for production of so-called electroweakinos at 8TeV LHC.
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Fig. 1. Chargino–neutralino pair production with decays mediated by sleptons and
sneutrinos, leading to a three-lepton final state and Emiss

T [1].

First data recorded at 13 TeV were already used by SUSY subgroups to
study performance of some analysis chains [8–11].
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neutralino mass = chargino mass [GeV]
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Fig. 2. Summary of CMS searches for electroweak production of charginos and
neutralinos based on 19.5/fb of pp collision data at

√
s = 8 TeV [1, 5].
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Fig. 3. Summary of ATLAS searches for electroweak production of charginos and
neutralinos based on 20/fb of pp collision data at

√
s = 8 TeV [6, 7].
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3. Exotica searches at the LHC

Within this subgroup signals, predicted by large number of different mod-
els are searched for: extra dimensions, microscopic black holes, new gauge
bosons, contact interactions, leptoquarks, heavy quarks, excited fermions,
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Fig. 4. Summary of ATLAS dijet 13 TeV. The 95% C.L. upper limits obtained in the
resonance analysis for a hypothetical signal that produces a Gaussian contribution
(with four different widths) to the observed dijet mass distribution (mG) [12].

Fig. 5. The observed 95% C.L. upper limits for dijet resonances of the type gluon–
gluon, quark–gluon, and quark–quark, compared to several predictions [15].
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dark matter (see Sec. 4), multi-jet resonances, long lived particles (CMS, at
ATLAS SUSY LLP are searched for within the SUSY subgroup) and many
others. For some searches, cross sections at 13 TeV are sufficiently large to
challenge 8 TeV limits [12–15].

Some examples are shown in figure 4 (ATLAS) and figure 5 (CMS),
where exclusions obtained when searching for massive dijet resonances are
presented.

4. Search for dark matter at the LHC

One of the best motivated BSM searches is that for dark matter (DM)
candidates. In fact, almost all BSM searches could be regarded as such,
because in most of the BSM models there are DM candidates of some kind.
However, so-called direct and indirect DM searches are meant for Weakly
Interacting Massive Particles (WIMPs) of which LSP neutralino is a generic
example. As it is schematically shown in the left part of figure 6 the same
diagram governs these searches and DM pair productions at colliders. How-
ever, something detectable must be radiated from the initial state to trigger
on such events (the right part of the same figure).

Because of the degeneracy assumed to avoid flavor con-
straints, each of these models has 3 parameters: a dark
matter mass mχ , a partner mass mQ, and a dimensionless
coupling strength for the new cubic interaction λ. Since
the motivation for these models is the WIMP miracle,
we impose the constraint that the thermal dark matter den-
sity is the observed value. This results in a 2-dimensional
parameter space that can be parametrized by the massesmQ
and mχ . We have mQ > mχ by the assumption that the χ
particle is stable. As with the effective dark matter models,
we can directly compare collider, direct detections, and
indirect detection constraints in a 2-dimensional parameter
space.
The annihilation of dark matter in the early Universe,

indirect detection of dark matter, and direct detection of
dark matter are all dominated by the exchange of a partner
particle, as shown in Fig. 1. The same diagram also gives

rise to dark matter production at colliders, with an addi-
tional radiative particle required to tag the final state.
This strongly motivates monojet searches at the LHC as
a way to search for dark matter. In the present models, there
are additional contributions to monojet final states, as
shown in Fig. 2. In addition, there are jets plus missing
energy signals from diagrams such as Fig. 3. These models
therefore have a very rich phenomenology controlled by a
simple 2-dimensional parameter space.
These models can be used in a number of different ways.

First, we advocate that they should be taken seriously as
phenomenologically motivated models of dark matter
under the assumption that a small number of states is rel-
evant. Another point of view comes from the fact that these
models are also the minimal ones that can explain an excess
in collider searches for jets plus missing energy, perhaps the
most promising channel for the discovery of SUSY. If a
signal is seen in jetsþMET, it would immediately raise
the question of whether WIMP dark matter is being pro-
duced in these events. In the context of the models we
are considering, the rate and kinematics of such a signal
would point to a specific region of the parameter space,
which can be additionally probed by both monojet searches
and direct detection experiments. A confirmation of the
model predictions is clearly interesting, while ruling out
the model tells us that additional states are required if
the missing energy is due to WIMP dark matter. Finally,
these models can be viewed as “simplified models” [28]
that parametrize the constraints of experiments in terms
of a model with only the ingredients relevant for the signal.
In this case, they provide a well-defined mapping between
collider and astrophysical constraints on dark matter based
on a well-defined set of physical assumptions. From all of
these points of view, we believe these models can provide

FIG. 1. Feynman diagram contributing to dark matter freeze-
out, direct and indirect dark matter detection, and collider produc-
tion of dark matter.

FIG. 2. Feynman diagrams contributing to monojet signals at a hadron collider.

FIG. 3. Feynman diagrams contributing to jets plus missing energy signals at a hadron collider. For scalar quark partnersQ, there is an
additional diagram involving the gluon-Q quartic interaction that is not shown.

EFFECTIVE WIMPs PHYSICAL REVIEW D 89, 015011 (2014)
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Fig. 6. The same diagram corresponds to direct, indirect and collider searches for
dark matter [16] (left). An ISR gluon (or anything detectable) is needed to trigger
on DM pair production at colliders [17] (right).

An example of comparison of collider results with the direct DM searches
is shown in Fig. 7 for spin-independent and in Fig. 8 for spin-depended
interactions. It could be seen that collider searches are competitive for small
DMmasses and up to 1 TeV for spin-depended case. However, to fully exploit
collider potential, it is necessary to go beyond effective theory and resolve
DM interaction with ordinary matter. The details could be found in the
Report of the ATLAS/CMS Dark Matter Forum [19].
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Fig. 7. Search for dark matter in mono-jet and Emiss
T topology in the ATLAS [18]

compared to selected direct (spin-independent) searches and corresponding earlier
search by the CMS [17].
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Fig. 8. Search for dark matter in mono-jet and Emiss
T topology in the ATLAS [18]

compared to selected direct (spin-depended) searches and corresponding earlier
search by the CMS [17].

What is even more important is that if DM particles are super weakly
interacting (like gravitino), then the LHC is the only place to look for such
scenarios in the foreseeable future.
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5. Summary

Despite the multitude of search topologies no signal of phenomena be-
yond the Standard Model has been found at the LHC so far. However, we
have no other possibility right now to look for the majority of them and,
moreover, we have just started to accumulate data at the proton–proton col-
lision energy of 13 TeV, which was never available before. We do everything
to perform the searches in the most optimal way, hoping that New Physics
is within our reach.

I would like to thank organizers of the “Matter to the Deepest 2015”
Conference for invitation and hospitality. This work was supported in part
by the Polish National Science Centre grants 2014/15/B/ST2/03998 and
2014/14/M/ST2/00428.
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