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During 2012, both the ATLAS and CMS Collaborations at the Large Hadron Collider outside
of Geneva, Switzerland collected approximately 20 fb~lof pp collision data with a center-of-
mass energy of 8 TeV. Presented here are the results of searches for Dark Matter and Extra
Dimensions that utilize this data.

1 Overview

Two of the mysteries currently challenging particle physicists are that of dark matter and fine
tuning. Results from many astrophysical observations strongly indicate the existence of some
sort of dark matter particle that does not interact via the strong or electromagnetic forces, and
is heavy enough that its velocity is not close to that of light. However, no such particle has
been observed in the laboratory.! The experiments at the Large Hadron Collider (LHC) have
discovered a new boson whose properties are consistent with those of the Higgs of the Standard
Model. However, it is not understood how such a particle can have a mass light enough to
be observed at LHC energies when quantum corrections to its mass are sensitive to very high
energy scales. Interestingly enough, the resolution to these two mysteries could produce the
same experimental signature in pp collisions at LHC energies.

In this conference proceedings, I present the results from the CMS? and ATIAS? collabora-
tion’s searches for dark matter, and some for extra dimensions, from their analysis of data from
the 2012 LHC operation period, which had a center-of-mass energy of 8 TeV.

2 Searches for pair-production of dark matter

Many experiments, both ground based® (so-called “direct” searches) and in space® (“indirect”
searches) have been built to search for the ambient dark matter in the universe. These searches
assume that the dark matter interacts with normal matter, and in particular to quarks, either
through s- or t- channel exchange of some new heavy particle, such as a heavy neutral vector
boson or the squark of supersymmetry. If such interactions exist, it is also possible to pair-
produce dark matter particles in proton-proton collisions. Dark matter particles do not produce



a signal in the detectors. They can be observed, however, when accompanied by initial state
radiation of a quark, vector boson, or photon off the initial quarks or gluons from the protons,
if the radiated particle has high transverse momentum (pr), resulting in a “mono” object plus
missing transverse energy (Kr) as a signature. Since the kind of particle that mediates the
interaction is not known, searches at the LHC tend to model them as effective contact interac-
tions, as described in a paper by Goodman et al. %, a good model when the mediating particle
is heavy (>3 TeV). 6 Many papers have been written that show the dangers of the effective con-
tact interaction approach for lighter mediators when comparing to the results from the direct
detection experiments.”

Direct dark matter searches are most sensitive when the dark matter particle is heavier than
about 10 GeV and when the type of interaction is independent of spin.% The sensitivity of LHC
searches tends to be independent of mass up to a kinematic limit of a few hundred GeV and
similar for spin independent and spin dependent couplings.

CMS and ATLAS have looked for this type of event when the radiated particle is a jet or a
electroweak vector boson. Results when the radiated particle is a photon have not been updated
since the 7 TeV run.

2.1 Mono jets

Both CMS?®, using 20 fb~', and ATLAS?, using 10 fb—!, have completed searches for pair-
production of dark matter in association with a mono jet. The approach for both searches is
similar. In brief, both look for events with no more than two jets with pt larger than 30 GeV and
at least one jet with large pr (110 GeV for CMS and 120 GeV for ATLAS). Both require large
Er (250 GeV for CMS and 120 GeV for ATLAS). Both reduce backgrounds with real 't from
neutrinos from W boson decay by vetoing events with isolated high pr electrons and muons.
CMS also vetos events with high pt isolated taus. Both require the 't be inconsistent with
coming from mis-measurement of a jet. The limit on the effective contact interaction depends
on its form. For a vector interaction®, the limit is 907 GeV for CMS and 731 for ATLAS. Limits
for other interaction forms can be found in the CMS and ATLAS publications.? *

2.2  Mono vector bosons

Both CMS '© and ATLAS'!" have done searches for dark matter when the radiated particle is
an electroweak vector boson. However, the methodology of the two searches are very different.
CMS reinterprets its search for a heavy charged vector W-like boson decaying to an electron or
muon and a neutrino'? in terms of initial state radiation of a W during pair-production of dark
matter.'® The ATLAS collaboration takes advantage of the large branching fraction of W and Z
boson to two jets, and looks for events with a large jet containing substructure consistent with
two jets that reconstruct to the W or Z mass.

There are two Feynman diagrams that contribute to the process involving the W, one where
the W radiates off the u quark, the other where it radiates off the d, which might interfere
constructively or destructively. In the case of constructive (destructive) interference for the
vector interaction, the ATLAS result yields a limit on the contact interaction of about 2000
(600) GeV, the CMS result 970 (310) GeV. If the interference is constructive, this would be the
most sensitive search channel.

Figure 1 shows the result when the limit on the contact interaction from both the mono jet
and mono vector boson searches are translated to an effective limit on the dark matter scattering
cross section with a nucleon, as probed by direct detection experiments.

2.3 Mono tops

CMS has looked for monotop production.” Since the types of interactions between dark matter
and ordinary matter (aside from gravitational interactions) are completely unknown, if they exist
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Figure 1 — Limits on the scattering cross section between dark matter particles and nucleons extracted using an
effective contact interaction from CMS (left) and ATLAS (right) monojet and mono vector boson searches using
the 2012 8 TeV pp collision data.

CMS Preliminary
[T T T T

o & e — s —
o CMS Preliminary I — CMS eonu(8ToV.201")
S 70 _’-Ld . k| I:' 6 E Atlas ee+uu+yy(7TeV,5.0fb "f
}a_> F it=19.5fb", Vs=8 Te! » L — = CMS ee+iu+yy(7TeV,2.0fb™) ]
= 6:— oMS Nonoet (0) 8 Tov 1051 ] > r + CMS yy(7TeV,34pb’) ]
o F ATLAS Monojet (LO) 8 T, 1015 c 5f =mne DO ee4yy(1.96TeV, 1.05fb") |
= £ e CMS Monojet (LO) 7 TeV, 5 fb" ° L ]
5F — = £
g = E 4F
4F =4
5 3F | s
3 [ - =
2 E Fro T i
i E ]
B S e E 1
0 | 1 I I fo I I I 1 !
2 3 4 5 6 2 3 4 5 6 7
d Nep

Figure 2 — Limits on the scale of gravity (Mp when including the extra dimensions as a function of the number
of extra dimensions from CMS (left) and ATLAS (right) as extracted by a variety of possible final states.

at all, all possibilities need to be considered. Many papers have suggested monotop production
through a possible coupling between the dark matter particle, a light quark, and the top quark
(see references in the CMS paper). They take advantage of the large branching fraction of the
top to jets, and look for events with 3 jets, at least one being tagged as having a high probability
of being due to a b quark, and with the invariant mass of the three jets being consistent with
the top (< 250 GeV), and large F'r(> 350 GeV). They reduce the backgrounds from Er due
to a neutrino produced in the decay of a W by vetoing events with a high pt isolated electron
or muon. The resulting 1 distribution and rate of events is consistent with the expectations
of background. If the light quark-top-dark matter coupling were 0.1, the mass limit for scalar
(vector) dark matter would be 327 (665) GeV.

3 Searches for extra dimensions

A possible solution to the hierarchy problem that has been popular since 1998 is the idea
that gravity propagates not only in our three spatial dimensions, but also in extra compact
space-like dimensions. Due to the compactness of these extra dimensions, Kaluza-Klein towers
of excited graviton states result. These extra states result in an enhanced cross section for the
bremsstrahlung of gravitons, resulting in signatures similar to those for dark matter production
(mono objects). They can also, through s-channel production, lead to an enhancement of the
high mass di lepton and di photon cross sections.

Both CMS '®16 and ATLAS '7 have looked for an enhancement of high mass electron and
muon pairs. The limits depend on the number of extra dimensions, and are shown in Fig. 2,
along with the results from monojet and diphoton searches.



A possible dramatic signature of extra dimensions is the formation of black holes. Early
work!® postulated “classical” black holes, which decayed via Hawking radiation to large mul-
tiplicities of many types of particles, at some threshold above production threshold. Later
work envisioned production of “quantum” black holes!? 20 near threshold which decay to low
multiplicity states.

CMS?! looks for events with large scalar sum of pt of all reconstructed objects with pp>
50 GeV (St). They use the distribution with 2 objects for the background shape, which is
dominated by jet production, to look for excesses at high St in the inclusive or exclusive higher
object multiplicity distributions.

ATLAS has two searches, one for classical black holes 22 and one for quantum black holes.??
The classical black hole search looks for events with two high pr muons that have the same
charge and a large number of reconstructed tracks. The quantum black hole search looks for
events with apparent lepton number violation: an electron or muon recoiling against a jet.

None of the searches sees any sign of black hole production. Typically limits are on order of
5 TeV, and are stronger for larger number of extra dimensions.
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