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Abstract:

In this worksheet, we overview the potential of the OMEGA Explorer Project
to explore the particle nature of dark matter. We emphasize how the project
can decisively search for hidden sector particles beyond the standard cold
dark matter scenarios. Thus, along with the accelerator-based searches, this
project provides a complementary probe of hidden sector particles [1].

1. The OMEGA Explorer Project

Determining the nature of dark matter is one of the outstanding problems in
fundamental physics and astrophysics. Heroic efforts are underway attempt-
ing to produce a dark matter particle at the Large Hadron Collider, to detect
dark matter through its rare but occasional recoil in a laboratory environ-
ment (e.g. the Xenonl00 experiment), to observe dark matter through the
radiation or particle products that are predicted to occur for some specific
candidates (e.g. through gamma ray emission that the Fermi space telescope
could have detected). Each of these approaches target dark matter on very
local scales, cosmologically speaking, from the physical scale of a terrestial
experiments through to galactic volumes. From the perspective of parti-
cle physics, each approach requires a significant (model-dependent) coupling
between dark matter and Standard Model particles in order to observe a
signal. Of course, dark matter is defined by large-scale gravitational ef-
fects on visible matter. OMEGA Explorer Project is designed to probe these
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gravitational effects in order to uncover the particle nature of dark matter.
Importantly, the project can generate constraints on additional particles be-
yond cold dark matter in the hidden sector in a model independent way.

Dark matter, by far, is the dominant gravitational component in the uni-
verse. The specifics of its distribution on small and large (cosmological)
scales in the universe depend on the properties of the dark matter particle
itself, the specific ways with which it interacts with itself (and other hidden
sector particles), and with the Standard Model particles with which we are
familiar. In particular, measuring the statistics and properties of small (sub-
galactic) scale dark matter halos is an astrophysical probe of dark matter
with the potential to distinguish between several distinct classes of candi-
dates with a variety of properties.

Astrophysical strong gravitational lensing systems, where a distant active
galactic nucleus is multiply imaged into four images by a foreground massive
galaxy, enables the possibility of measuring such substructures through their
gravitational perturbation properties. This is complementary to all other
probes, and working in tandem or independently of them, will provide new
and potentially powerful information of the nature of dark matter and the
composition of hidden sectors. Dark matter sub-galactic mass scales of one
or two orders of magnitude below 10° solar masses (Mg) is possible through
the tailored experimental design reflected in the OMEGA Explorer project,
a dedicated space-based observatory that was proposed to NASA in 2011 [2].
This is a new discovery space that will produce fresh and possibly essential
insights into dark matter properties. Developing detailed theoretical pre-
dictions for dark matter and hidden sector particle candidates is critical for
quantifying the specific power of such an experiment.

2. Searching for New Physics Beyond Cold Dark Matter

Here we describe the connection between dark matter properties and the most
dramatic consequences on the astrophysical scales on which their self-gravity
will allow coherent structures to form. For simplicity focus on GeV dark
matter. A sub-GeV dark photon is included which decays to the Standard
Model soon after leaving thermal equilibrium with the Standard Model. We
estimate the associated kinematic decoupling and the cutoff in the dark mat-
ter power spectrum. We finally show how OMEGA, along with constraints



from accelerator based probes, can decisively constrain hidden sector parti-
cles.

It is well known the maximum dark matter clumping mass depends sen-
sitively on the kinematic decoupling temperature [3, 4]
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where M., is the cutoff in the dark matter power spectrum. This in turn

sensitively depends on the dark matter particle physics as
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where M is the mass of the dark matter. M, is the mass scale associated
with the dark matter interaction cross section with the dark photons. For
this example, we assume the dark photons are in thermal equilibrium with
the Standard Model at the dark matter kinematic decoupling temperature.
Assume the dark matter Compton scatters elastically with the dark photon

and is parametrized by
T2

It is clear a larger dark photon-dark matter scattering cross section lowers
M. For the masses listed in the first paragraph and for M, ~ 1 GeV,
My ~ 10%. We show this cutoff is within OMEGA’s sensitivity in [1].

The constraint on M., is essentially a constraint on the coupling and mass
of the hidden sector particles. Accelerator-based probes propose providing
complementary constraints on the coupling and mass of hidden sector parti-
cles. We use both to place constraints on the mass and couplings of hidden
sector particles [1].

3. Experimental Reach of the OMEGA Explorer

The OMEGA Explorer is a meter-class multi-wavelength imager, in low earth
orbit, dedicated to tailored monitoring a sample of 24 strong gravitational
lenses. These are lenses that have natural flux variations with time. By
OMEGA’s design to reach a photometric precision of ~ 1%, it will be able



to map these variations through hourly-cadenced monitoring of each lens,
with campaigns that last several weeks each. Through these data, all of the
fundamental properties of the gravitational lensing potential will be mapped
well enough to potentially be sensitive to not only the overall mass struc-
ture of the lensing galaxy, but also of the gravitational perturbations due to
the substructure within the lensing galaxy. The OMEGA science team has
been developing realistic strong lensing simulations, and a Bayesian infer-
ence framework to evaluate the level of sensitivity to different substructure
scenarios, which would arise from different dark matter particle fundamental
properties. Based on preliminary work developed for the Explorer 2011 pro-
posal, a clear cutoff in the existence of small scale structures below 10® solar
masses is expected to be in relatively easy reach of OMEGA as currently
designed. Based on the work done to date, considerably greater sensitivity
is possible, and we are exploring how robust the constraints will be reaching
to cutoff scales of 10* solar masses or lower.

4. Status and Future Plans

The OMEGA Explorer was proposed to NASA in 2011, and while not se-
lected, was judged as a Category Il mission, i.e. “selectable.” The science
team and associated close collaborators (including the first author of this
report) are actively developing the strong lensing theory, and the particle
physics theory, that will showcase the power of this experiment for making
material advances of interest to the particle physics community. The work
being completed now and in the near future will help bridge several fields of
study from particle physics to astrophysics, and will open an as yet largely
untapped area of quantitative dark matter studies. The practical future plans
include a re-proposal of the OMEGA Explorer.

5. The OMEGA Collaboration

The OMEGA Science Team is an international collaboration that spans all
of the key fields of physics and astrophysics that are involved in this multi-
faceted experiment.
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