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Abstract: Many difficulties are encountered when attempt-
ing to pinpoint a common origin for several observed as-
trophysical anomalies, and when assessing their tension
with existing exclusion limits. These include systematic
uncertainties affecting the operation of the detectors, our
knowledge of their response, astrophysical uncertainties,
and the broad range of particle couplings that can medi-
ate interaction with a detector target. Particularly inter-
esting astrophysical evidence has motivated a search for
dark-photon, and focused our attention on a Hidden Val-
leys model with a GeV-scale dark sector that produces ex-
citing signatures. Results from recent underground exper-
iments are also considered.

There is a ‘light’ hidden sector (dark sector), present in
many models of new physics beyond the Standard Model,
which contains a colorful spectrum of new particles. Re-
cently, it has been shown that this spectrum can giverise to
unique signatures at colliders when the mass scale in the
hidden sector is well below a TeV; as in Hidden Valleys,
Stueckelberg extensions, and Unparticle models. These
physics models produce unique signatures of collimated
leptons at high energies. By studying these ephemeral par-
ticles we hope to trace the history of the Universe. Our
present theories lead us to believe that there is something
new just around the corner, which should be accessible at
the energies made available by modern colliders.

Keywords: dark photon, dark matter, hidden sector, hid-
den valley, Stueckelberg extension

PACS: 12.60-.i; 13.85.Qk; 14.70.Bh; 14.70Pw; 14.80Bn

*Corresponding Author: Maksym Deliyergiyev: Department of
Experimental Particle Physics, Jozef Stefan Institute, Ljubljana,
Slovenia,

and Department of High Energy Nuclear Physics, Institute of Mod-
ern Physics, CAS, Lanzhou, China, E-mail:
deliyergiyev@impcas.ac.cn

[ EETTM|© 2016 Maksym Deliyergiyev, published by De Gruyter Open.

1 Introduction

Over the last few decades, cosmology has turned into an
experimental science, with more and more high-quality
data becoming available. The most surprising conclu-
sion, based on cosmic microwave background (CMB)
anisotropies — the relic radiation of the Big Bang that
fills the Universe, measured by the WMAP satellite [1] and
based on the power spectrum of galaxy density fluctua-
tions measured by the SDSS collaboration [2, 3] — is that
most of matter in the universe is not directly observable.
There is a very good reason to expect that this “extra mat-
ter” is not normal matter. It was well established from the
first phase of precision measurements that content of the
Universe has to include interesting and not yet fully under-
stood components. These are dark matter (DM), a strange
matter field which interacts only gravitationally with the
known matter, and dark energy (DE), an exotic component
of the Universe with negative pressure which causes the
accelerated expansion of the Universe.

The observed accelerated expansion of the Universe
is considered the main mystery in modern cosmology and
one of the major issues confronting physics at the begin-
ning of the new millennium. For a substance that is ut-
terly invisible, DM does a remarkably good job of making
its presence felt. The supporting evidence for the existence
of DM starts to show up since the 1930’s with various astro-
physical measurements. Currently we can’t say with cer-
tainty that dark matter has been created in the lab or di-
rectly observed. Instead, its existence has been inferred
from the binding of galaxies in clusters, the rotation curves
of galaxies, large scale structure simulations and observa-
tions from high-z supernovae, colliding clusters of galax-
ies, gravitational lensing and so on [4, 6].

Over the last 15 years we have established with very
high confidence that the matter density (visible and dark)
accounts for only 27% of the critical value Qy + Q, = 1%,

1 The total mass-energy density of the Universe. The first, Qy, is a
measure of the present mean mass density in nonrelativistic matter,
mainly baryons and nonbaryonic dark matter. This also includes a
measure of the present mass in the relativistic 3-K thermal cosmic
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so the rest is attributed to the vacuum energy density, and
thus to the cosmological constant. Moreover, we have con-
cluded from CMB data that the Universe has a dark, or vac-
uum, energy density Q,, of 0.73, which seems to be eerily
uniform - smoothly distributed through space, and per-
sistent (non-diluting) through time. While the dark mat-
ter density, Qpy, comprises 0.23 of the total matter-energy
density of the Universe, the density of ordinary (baryonic)
matter observed in the laboratory, Q,, is 0.04 (only 0.5% is
visible using optical astronomy, with another 0.5% visible
at X-ray wavelengths) [1, 5]. These numbers tie in with the
data from optical observations — a powerful confirmation
that the underlying models are correct. Nonetheless, for
some reason, most of the matter of the Universe is stored
in invisible form.

It seems that the Universe is a more complex than we
suspect, and we should work to find evidence for a more
complex theory of dark matter, called the dark sector,
comprising at least two different components: DM and DE.
So, there is at least that much structure in the dark sec-
tor — some form of energy density that can be reliably in-
ferred through the gravitational fields it creates, but which
we haven’t been able to make or touch directly ourselves.
This sector could include multiple types of DM and a num-
ber of dark forces, which, like ordinary matter, could com-
bine to form some dark atoms [7-10]. One of the most in-
teresting features of these proposed models is the pres-
ence of both neutral and ionized dark matter components
[10]. This idea is being tested in an experiment called the
A Prime Experiment (APEX)[11].

A plethora of models of the dark sector have been pro-
posed in order to resolve some problems in the Standard
Model of particle physics. Most of them consider DE and
DM as non-interacting fields, but none is really appealing
on theoretical grounds. More recent models include inter-
action in the dark sector, and an interesting analysis of the
viability of such an interaction [12]. The effects of a pos-
sible dark interaction on the dynamics of galaxy clusters
appear to be in agreement with observational data [13].

But, so far, there’s no evidence of anything interest-
ing beyond that. Indeed, the individual components of
DM and DE seem relatively vanilla and featureless; more
precisely, taking them to be “minimal” provides an ex-
tremely good fit to the data. For DM, “minimal” means that
the particles are cold (slowly moving) and basically non-
interacting with each other. For dark energy, “minimal”

microwave background radiation, which almost homogeneously fills
space, and the accompanying low-mass neutrinos. Q is the Dark En-
ergy density.
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means that it is perfectly constant throughout space and
time — a pure vacuum energy, rather than something more
dynamic.

Still — all we have at hand so far are upper limits,
not firm conclusions. It is certainly possible that there is
a bushel of interesting physics going on in the dark sector,
but it’s just too subtle for us to have noticed yet. There-
fore, it’s important for the theorists to propose specific,
testable models of a non-minimal dark sector, so that ob-
servers have targets to shoot for while they try to constrain
just how interesting the darkness really is.

2 Direct and indirect search for
dark matter

Various direct and indirect experiments have been con-
ducted in the search for dark matter (see Fig.1). Most of
the attempts to detect DM directly have started from the
assumption that the DM is a haze of weakly interacting,
massive particles (WIMPs) [14], in the mass range 10 GeV
< My < few TeV, left over from thermal or non-thermal
relics created in the early universe. These may constitute
part or all of the observed DM, Qprh ~ 0.1. This remark-
able coincidence has been termed the “WIMP miracle”?,
and is perhaps the most compelling reason why our theo-
retical and experimental efforts are focused on searching
for DM at the weak scale.

The observed DM abundance and the spectrum of its
density inhomogeneities could naturally be produced by
inflation if the DM particle were to be an ultra-light vector
boson [15]. This fundamental and widely expected connec-
tion between particle physics and cosmology is the driving
motivation behind most DM searches. The ‘massive’ part
would explain gravity, and the ‘weakly interacting’ part
would explain invisibility: the WIMPs would fly through
stars, planets and people in untold numbers, almost never
interacting. These particles also are very promising in
terms of direct and indirect detection, because they must
have some connection to Standard Model particles. Indi-
rect detection is particularly attractive in this respect. Cos-
mic ray detectors, such as The Payload for Antimatter Mat-
ter Exploration and Light-nuclei Astrophysics (PAMELA)
[16], The Advanced Thin Ionization Calorimeter (ATIC) [17],
Fermi/GLAST [18] and the Alpha Magnetic Spectrometer
(AMS-01, AMS-02) [19, 20], which could detect DM indi-

2 For (my, gx) ~ (Myeak> weak)> the relic density is typically within
an order of magnitude of the observed value



DE GRUYTER OPEN

© (_Gamma-ray telescopes
n
Underground labs
Colliders
1\{
e

»

——ily
M=o
LA

Recent Progress in Search for Dark Sector Signatures = 283

Figure 1: Geographical location of the terrestrial experimental sites hunting for dark matter, indicating which have now stopped operation
and which are still operational. The diagram shows how dark matter searches rely on interactions between DM and SM particles. Gamma-

ray telescopes (black circle), neutrino telescopes (green box) —

indirect searches, which have tried to catch some bumps in the SM particle

spectrum in cosmic rays with ground based or space observatories. The underground labs (magenta pyramid) — direct searches: DM-SM
scattering, looking for the nuclear recoil from galactic DM scattering, due to very weak signals the experiments are located deeply under-
ground. Colliders (yellow diamond) — production of the DM particles via SM interactions. Also, satellite experiments are shown (see text),

which continue to explore the nature of DM.

rectly by recording an anomaly in the flux of cosmic rays,
have the prospect of detecting DM, if DM annihilates to
some set of Standard Model states, see diagram on Fig.1.

Among the WIMP candidates are the Lightest Super-
symmetric Particles (LSP), occurring in supersymmetric
models, like for instance neutralinos, heavy neutrino-
like particles, Kaluza-Klein (KK) excitations in Extra-
Dimensional theories, lightest T-odd particles in little
Higgs models and other, perhaps more exotic, proposals.
SuperWIMPs interact with less strength than WIMPs [21],
gravitationally or otherwise, and can be also good DM can-
didates. Among these are the gravitino, the axino (super-
partner of the axion), KK gravitons and so on (for a review
see [22, 23]).

Non-WIMP candidates are the WIMPzillas [31], Cryp-
tons [32], Q-balls (non-topological solitons) [33-35], Black
Hole remnants [36, 37] and other very massive astrophys-

ical objects, as well as moduli fields? in String Theories or
other proposed massive objects or particles Fig.2, that are
not part of the Standard Model (for a review see [22, 23]).

Other non-WIMP candidates include, for example, the
axion [24-27], in the mass range 107 - 107> eV [28]. The
lower bound produces too high a relic density and the up-
per bound stems from limits on stellar cooling. The axion
is a reasonable and accepted cold dark-matter (CDM) can-
didate which couples weakly to two photons, moreover,
this particle can explain the Sun luminosity mechanism?,
the extragalactic background light, and may be associated
with many geophysical observations [27]. Ongoing exper-
iments like ADMX [29], and CAST [30] have put limits on
its coupling to photons and on its mass, but its discovery
is still lacking.

Several experiments are currently searching for
WIMPs via their elastic scattering interactions with nu-

3 In quantum field theory, the term moduli fields is sometimes used
to refer to scalar fields whose potential energy function has contin-
uous families of global minima. In String Theories this term is used
to refer to various continuous parameters which label possible string
backgrounds, or to parameters that control the smooth deformations
of shape and size of the manifold.

4 Responsible for the total power emitted by the Sun.
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clei, one of which is the Cryogenic Dark Matter Search
(CDMS) [39] in the disused Soudan Iron Mine in northern
Minnesota. One usually assumes that the WIMP scatters
elastically, and that the spin-independent cross section for
scattering off protons and neutrons is roughly the same.
At cryogenic temperatures of just 40 milikelvin the simul-
taneous measurement of phonon and ionization signals
in semiconductor detectors permits event by event dis-
crimination between nuclear and electronic recoils down
to 5 to 10 keV recoil energy, so that any heat associated
with a WIMP impact could be detected. That team is now
running a second-generation experiment, called CDMSII
[40], which aims to increase the sensitivity by a factor of
10.

The XENON experiment [41], which measures simul-
taneously the scintillation and the ionization produced by
radiation in pure liquid xenon?, and CDMS [42] both claim
to have detected the very low-mass WIMPs, however their
results contradict those from other experiments. For spin
dependent WIMPs with pure neutron couplings XENON
has the best published limit at all masses [43]. Results re-
ported by CDMS came from its lighter silicon detectors and
not its heavier germanium detectors. Since interaction be-
tween a WIMP and a nucleus should relate to the amount
of nucleons in the nucleus, WIMPs should more likely to
interact with germanium detectors, since germanium is
much heavier than silicon. Indeed, when the CDMS col-
laboration designed their experiment in the early 2000’s,
they included the silicon ones only to verify results from
the germanium.

Very recently, the CRESST-II collaboration has an-
nounced results for their DM search with 730 kg-days of net
exposure in a CaWO, target [44]. They were able to explore
masses down to 0.5 GeV, a novelty in the field of direct
dark matter searches [45]. This observation could not be
explained by known background and is compatible with a
DM signal also rising at low energies.

Nevertheless, perhaps the most intriguing, and most
controversial, of these experiments is the Dark Matter
Large Sodium Iodide Bulk for Rare Processes (DAMA/LI-
BRA) [46], which shares space with XENON and CRESST
at Gran Sasso National Laboratory in Italy. DAMA works on
the principle that the Sun’s orbit around the center of the
Galaxy carries the Solar System through the invisible cos-
mic background of DM at some 220 kilometers per second.
The Earth orbit around the Sun implies that the amount of
DM incident on the Earth varies by about 10% from sum-

5 Searching a similar mass range in comparison with CDMS
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mer to winter. The maximum would correspond to June
and the minimum to December [47].

Thus, detectors on Earth should have DM flowing
through them at this velocity, modulated by an annual
variation of about 30 kilometers per second as the Earth
orbits the Sun.

The DAMA team tries to observe the scintillation of
nuclear recoil events® inside a thallium-doped sodium io-
dide crystal (salt) detector, and claims to have followed
just such a periodic DM signal for thirteen years with a very
high statistical significance of 8.9¢ in the 2-6 keV energy
interval. Considering the former DAMA/Nal and the recent
DAMA/LIBRA data together (total exposure 1.17 tonxyr)
[48] 7, this result is consistent with Earth’s orbit through
the Galactic DM halo. At this point we should note that
the distribution of galactic DM may not be smooth; galaxy
formation is an ongoing process, and computational stud-
ies suggest that there may be a significant amount of
DM substructure in the form of clumps and tidal streams
[49, 50]. Different models of the halo can shift the phase
of this modulation completely, turning expected maxima
into minima and vice-versa, changing the expected ampli-
tude as well. The detector crystals cannot distinguish be-
tween WIMPs and background events from ordinary radia-
tion in the detector’s surroundings, so this result depends
on the assumption that background events occur at a con-
stant rate that does not vary with the season.

Possible background reactions have also been care-
fully searched for. The only process which has been found
as a hypothetical possibility is the muon flux modulation
reported by the MACRO experiment [51]. In fact, the ob-
served muon flux shows a nearly sinusoidal time behavior
with one year period and maximum in the summer with
amplitude of 2%; this muon flux modulation is correlated
with the temperature of the Earth’s atmosphere. The con-
tribution of this effect with solar neutrinos flux is many or-
ders of magnitude lower than the modulation amplitude

6 Detection of the scintillation light created by the elastic low energy
nuclear recoils in the scattering of DM candidates with the detector
material. The measurement of the decreasing ionization rate along
the recoil trajectory provides the tag of the incoming DM candidates.
7 The analogue of the total luminosity in accelerator physics. The
expected events (activations) per unit of time defined as dN/dt
~ OxPrarget @/A = %%, where @ is the the hypothetical dark-
particle’s flux per square meter per day, N number of expected events,
0y is an inelastic/elastic cross section of the hypothetical dark parti-
cle, and A is the target mass number. In the direct detection exper-
iments, experimentalists have resorted to an increase in the volume
of the effective target, Viarget, as well as an increase in the exposure
time, texposure in order to increase the potential number of observed
events.
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measured by DAMA/LIBRA. “Fake” signals can be caused
not only by cosmic rays, but also radioactive isotopes oc-
curring in nature. The latter issue requires us to consider
the correlations between solar activity and nuclear decay
rates of the materials used in DAMA as sensors. Evidence
for this unexplained periodic fluctuation has been pre-
sented in a recent series of papers; this includes an ap-
parent correlation between Earth-Sun distance, using data
taken at Brookhaven National Laboratory(BNL), and at the
Physikalisch-Technische Bundesanstalt(PTB) [52, 53].

The DAMA/LIBRA result has so far not been con-
firmed, and will remain as such until possible corrobora-
tion by the latest data coming from the Coherent Germa-
nium Neutrino Technology (CoGeNT) collaboration. Its de-
tector sits near the CDMS detector in the Soudan Mine, and
the team claims a detection of an annual modulation with
a statistical significance of 2.7-2.80, which is at the mar-
gin of statistical significance of a signal in particle physics
[54, 55]. The modulation is most pronounced in the 0.5-2
keV region, while it is absent for surface events.

CoGeNT is tuned to detect incoming particles with
much lower masses than those sought by its neighbor,
CDMS. It was originally intended to explore this range to
rule out the existence of low-mass WIMPs, but its results
only ended up making things murkier. Around the time
that the CDMSII reported its ‘nearly nothing’ findings, Co-
GeNT released data from its first 56 days of operation [56].
The results showed hundreds of particle events that could
be interpreted as DM with a mass between 7 and 11 GeV.

The CoGeNT collaboration has recently published re-
sults covering more than three years of continuous oper-
ation [57]. Their conclusions have not changed: the sig-
nal is still present with about the same strength and in
the same area, seasonal modulation is observed as before.
However, backgrounds and/or systematic sources which
could mimic an annual modulation signature in DM detec-
tors are presently unknown.

Today the situation looks as follows: the results of the
DAMA/LIBRA and CoGeNT collaborations have appeared
to be in conflict with the limits from other experiments
including XENON and CDMS. The parameter region con-
sistent with the CoGeNT signal can be excluded by CDMS,
XENON10 and XENON100, see Fig.3. One would have to as-
sume that these three experiments are incorrect in terms
of energy scale in order to reconcile their limits with the
CoGENT signal. On the other hand, the observation made
by CoGENT is very intriguing, especially in combination
with the long-standing DAMA modulation signal and the
oxygen band excess in CRESST [44, 45]. Furthermore, due
to the fact that different collaborations use different sub-
stances, having different thresholds, the disagreement be-
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tween them is not so unreconcilable. The Ref.[57] provides
an analysis of the CoGeNT data under different models of
the distribution of DM in the galaxy, and demonstrates
that there is an option in which three experiments with a
positive result (DAMA, CoGeNT, CDMS) are consistent with
each other, see Fig.3. There, of course, a problem remains,
as understood in the light of the recent negative results of
the experiment LUX [58], but at least this point of criticism
is itself not indisputable.

The aforementioned detection strategies are appro-
priate if DM candidates are relatively massive, with low
phase-space density and particle-like behavior. However,
another generic class of DM candidates exhibits field-like
behavior. A light (bosonic) field making up the DM with
mass < 0.1 eV will have a high phase-space density, since
the local DM density is ppy ~ 0.3 GeV/cm? ~ (0.04 eV)”.
Such light-field DM is generally produced nonthermally
(unlike the WIMP), often by the misalignment mechanism
[15], and is best described as a classical, background field
oscillating with frequency roughly equal to its mass [59—
61]. To search for this field-like behavior of DM candidates
anew class of experiments has been proposed [63, 66, 68],
a bit similar to those already used in the detection of the
ultra high energy cosmic rays with the help of radio tech-
niques [69].

Among the most notable detection strategies in nonac-
celerator type experiments are the laser polarization ex-
periments such as BFRT [71], PVLAS [72], and Q&A [73]3,
the “light-shining-through-wall” experiments (LSW) [70],
such as BFRT [74], ALPS [75], and the conversion experi-
ments from the solar DM particle flux, “helioscopes” [76—
78].

As can be seen from the discussion above, direct de-
tection of DM is now a mini-industry, with many experi-
ments using a wide variety of techniques, both currently
and planned. It seems that the race to detect DM has
yielded mostly confusion, and we are still struggling to
answer the ‘What is it?” question, often feeling like we’re
chasing a ghost. Certainly, our detectors have been giving
us a lot of strange and contradictory results. Fortunately,
this confusion is likely to be temporary. DM detectors are
roughly 1000 times more sensitive to ultra-rare events than
they were 20 years ago and that should increase by an-
other factor of 100 over the next decade, as physicists
build bigger detectors and become more skilled at sup-
pressing the background noise that can be confused with

8 Laser polarization experiments where linearly polarized laser light
is sent through a transverse magnetic field, and changes in the polar-
ization state are searched for.
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genuine signals [79-82]. An issue is that the experiments
with very large target masses, with sensitivities to DM scat-
tering cross sections of 10746 — 1078 cm?, depending on
the DM candidate mass, could not eliminate the coherent
neutrino scattering, which represents an irreducible back-
ground for these searches [83-85]. Nevertheless, those
larger, more sensitive detectors, which have already be-
gun to operate in recent years, could soon change that pic-
ture. The Large Hadron Collider (LHC), the world’s highest-
energy particle accelerator at CERN, Europe’s high-energy
physics lab near Geneva, Switzerland, which is joining the
DM pursuit, is now pushing high energy physics into new
territory and presents an unprecedented opportunity to
probe the realm of new physics in the TeV region and shed
light on some of these core unresolved issues of Particle
Physics. These include the possible constituents of DM, i.e.
the possible existence of extra gauge groups.

Theorists had hoped that the LHC would open the door
to the dark-sector. The LHC aims to produce particles in the
center-of-mass energy up to 14 TeV — above those that are
already known from previous collider experiments. At the
same time, there are exciting possibilities for new physics
in the low-mass range that may have gone unnoticed until
now. Many models of New Physics beyond the Standard
Model contain a light hidden sector (dark sector) with
a colorful spectrum of new particles [86], which can be
probed at the LHC.

As ordinary matter couples to a long-range force
known as electromagnetism mediated by photons, the DM
couples to a new long-range force, may be referred to as
“dark electromagnetism" — a new fundamental force in ad-
dition to the four that we already know about, mediated
by particles known as dark photons or hidden photons
[87, 88]. It would be the first sign of a hidden sector [46,
89, 90], which could include an entire zoo of new particles,
including DM, see Fig.2. The idea of new forces acting on
DM is by no means new. What’s exciting about dark pho-
tons is that they are much more natural from a particle-
physics perspective. Typical models of quintessence and
long-range fifth forces invoke scalar fields [91, 92], which
are easy and fun to work with, but which by all rights
should have huge masses, and therefore not be very long-
range at all. The production of dark photons in this case is
dominated by the dark Higgsstrahlung, or equivalently, by
the pair-production of U(1)x — charged Higgs scalar fields,
like hzq or Sy;.

The dark photon comes from a gauge symmetry, just
like the ordinary photon, and its masslessness is therefore
completely natural before symmetry breaking. The insta-
hility of this photon would help in detecting it indirectly
— after the dark photons have decayed into electrons and
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positrons or into pairs of muons [93, 94], see diagram on
Fig.1.

However, there is a lot of the recent progresses de-
veloping theories around dark photons, especially in the
parameter space where the mass of the dark photon is
smaller than O(MeV-GeV) [95-99]. Efforts to search for
lighter hidden photons with smaller-scale lab experiments
[62-68] have received somewhat less attention. But these
experiments have the potential to discover hidden pho-
tons over a vast range of parameter space, extending from
O(eV) down to scales as low as ©O(107*8eV). The cosmo-
logical bound on photon-dark photon oscillations for dark
photon masses between 1071 eV and 1077 eV was evalu-
ated in [102]. In this low mass range, the decay channel
of dark photon to electron-positron pair is forbidden, and
the decay life time of the dark photon is long enough for
the dark photon itself to be a reasonable dark matter can-
didate. Also, dark photon with mass smaller than 1 MeV,
which can be produced inside stars and the star cooling
bound, can be very useful to constrain the dark photon pa-
rameter space [100, 101]. This explains efforts with DM di-
rect detection experiments such as XENON, CoGeNT and
LUX to detect the dark photons emitted from the Sun di-
rectly [77, 78, 101].

We can therefore imagine a completely new kind of
photon, which couples to DM but not to ordinary matter.
So there could be dark electric fields [103], dark magnetic
fields [104], dark radiation [105-107], etc. The dark mat-
ter itself consists half of particles with dark charge +1, and
half with antiparticles with dark charge -1. At this point
one may ask, “Why don’t the dark particles and antipar-
ticles all just annihilate into dark photons?” That kind of
thinking is probably why ideas like this weren’t explored
twenty years ago (as far as we know). But there is clearly
a range of possibilities for which the DM doesn’t annihi-
late very efficiently; for example, if the mass of the indi-
vidual DM particles were sufficiently large, their density
would be very low, and they just wouldn’t ever bump into
each other. Alternatively, if the strength of the new force
was extremely weak, it just wouldn’t be that effective in
bringing particles and antiparticles together. The strength
of the dark electromagnetic force is characterized, natu-
rally, by the dark fine-structure constant; remember that
ordinary electromagnetism is characterized by the ordi-
nary fine-structure constant a =1/137. However, we know
a little more about the DM than “it doesn’t annihilate”.
We also know that it is close to collisionless — DM parti-
cles don’t bump into each other very often. If they did, all
sorts of things would happen to the shape of galaxies and
clusters that we don’t actually observe [95-99]. So there
is another limit on the strength of dark electromagnetism:
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Figure 2: lllustration of the sea of various dark matter candidates that considered in the literature (from Tim M. P. Tait, see [38]).

interactions should be sufficiently weak that DM particles
don’t “cool off” by interacting with each other in galaxies
and clusters. That turns into a more stringent bound on the
dark fine-structure constant: about an order of magnitude
smaller, at & < 1073, It has been shown that models with
electrically charged DM in which a = & areruled out unless
the mass of the DM particle is heavier than a few TeV. In or-
der to evade these constraints and build an unbroken dark
U(1) with correct relic abundance, one may need to intro-
duce a short-range force coupling which should be rela-
tively small in order to evade Galactic dynamics bounds
[108].

3 Cosmic positron puzzle

In addition to account the recent proliferation of astro-
physical anomalies, like a the annual modulation of the
DM signal observed in DAMA/Nal and DAMA/LIBRA [48],
and also spotted by the CoGeNT collaboration [54], there is
an observed unexpected increase in the ratio of positrons
to electrons in 10-100 GeV cosmic rays within 1 kpc mea-
sured by PAMELA [16, 109, 110], ATIC [17, 111], HESS [112],
INTEGRAL [113, 114], and AMS-02 [20] experiments, which

demonstrate the ratio of the number of positrons to the
total number of electrons plus positrons, at energies be-
tween 0.5 and 350 GeV. The range of the reported positron
fraction extends beyond the reach of previous experiments
flown on high-altitude balloons (HEAT [115]), or space
shuttles and satellites (AMS-01 [19]). Furthermore, we have
to consider results coming from the Large Area Telescope
(LAT) on the Fermi Gamma-ray Space Telescope, which
demonstrates that the positron fraction continues its sur-
prising increase with energy [116]. The Fermi LAT Collabo-
ration measured the combined electron and positron spec-
trum from 7 GeV to 1 TeV, while PAMELA measured just the
electron spectrum from 1 to 625 GeV. Both Fermi LAT and
AMS experiments agreed with the first PAMELA results,
though neither measured positrons separately. Recently,
the Fermi LAT Collaboration has also measured both the
electron and positron spectra from 20 to 200 GeV sep-
arately, including the first measurement of the absolute
positron spectrum above 50 GeV and the first determina-
tion of the positron-to-electron ratio above 100 GeV. The
Fermi LAT doesn’t have a permanent magnet located at the
core of the instrument in order to deflect particle tracks
(charge separation) in comparison with AMS-02, however
Fermi LAT, with non-trivial adjustments in analysis, has
still been able to measure the positron fraction. These ad-
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Figure 3: The effect on the DAMA/LIBRA ROl when a factor 6.8 larger
fractional modulation than that predicted by the SHM [136] is as-
sumed, i.e., the same as that found in the CoGeNT dataset (free Ty,
case): a nonMaxwellian local halo favoring large values of S is ca-
pable of reconciling the tension between DAMA/LIBRA and other
recently reported anomalies, providing a coherent picture for these
observations. (Figure from [57]).

justments do however lead to the large uncertainties in the
Fermi LAT positron spectrum.

In addition to Fermi LAT, the new AMS results agree
beautifully with what PAMELA observed, thus reinforcing
the previous indications that the positron fraction rises
with energy, but this time with unprecedented statistics
and background controls. There is however an apparent
discrepancy between PAMELA and AMS-02 data below
about 2 GeV, perhaps due to different effects of the “solar
modulation” on particle populations for the PAMELA and
AMS-02.

The meaning of these observations is as follows: Outer
space contains a huge amount of ordinary particles (elec-
trons, protons, nuclei), and they are easily accelerated
to high energies in a variety of “cosmic accelerators”. In
contrast, anti-particles, in particular positrons, are always
suppressed. They have a very short lifetime in space, be-
cause sooner or later they stumble upon particles of matter
and annihilate. Therefore, the presence of anti-particles
means that their continuous production has been “estab-
lished” in space, and there are various scenarios at this
point.

Positrons can, for instance, be products of collisions
of accelerated protons or electrons that happened some-
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Figure 4: A schematic of the Hidden Valley type dark sectors under
consideration, where each superpartner decays to hard jets/lep-
tons and the lightest standard model superpartner (LSsP); the LSsP
then decays to an LSvP plus other v-hadrons, some of which decay
to softer jet/lepton pairs. (Figure from [131]).

where in space. A characteristic feature of all these pro-
cesses is the smooth and steady decrease in the number
of particles with energy. But it may also be that elusive
DM particles can annihilate into, say, an electron-positron
pair. Note that at this point most of the models assume that
the DM particles may interact with each other [12, 95-98].
On the other hand DM particles can decay into electron-
positron pairs. The mass of DM particles should be a sub-
stantial (Indeed many theoretical predictions lie in the
area of hundreds of GeV to several TeV), and the speed of
these particles should be small. Therefore, the electrons
and positrons in such a collision will be produced with a
more or less definite energy. In other words, one would ob-
serve a peak in the energy distribution. This peak is quite
difficult to notice in the absolute value of the flow, but if
we build the ratio of positrons to the sum of electrons and
positrons (at a given energy), all features will became more
explicit.

Are these results evidence in favor of dark matter? Not
at all, no more than the PAMELA results. We could make
here even more clear statement: it would be wrong to say
that obtained results give us at least some new informa-
tion about DM. There is no doubt that recent experiments
observe the positron excess, but there is still no clear in-
dication of its origin. Even if the data lie on a beautiful
bump in the center area of 0.5 — 1 TeV, this still cannot be
explained by the annihilation of DM. Mainly because it is
required that the annihilation cross section should be sev-
eral orders of magnitude higher than any acceptable val-
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ues (from the point of view of other manifested and un-
manifested DM particles). But theoreticians have already
come up with some options, which may resolve inconsis-
tencies of this cross-section with other cosmological data.
For example, the factor for enhancement of the annihila-
tion cross section via a mechanism first described by Som-
merfeld [117]. Also, there are models of decaying DM [118],
which seem to have been able to describe the PAMELA and
ATIC data.

Moreover, we have to mention that there are no clear
signs of DM in gamma rays [119]. If DM annihilation or de-
cay is the source, one needs to find a mechanism explain-
ing why it populates cosmic electrons only. On the other
hand, an incomplete understanding of how the cosmic
rays propagate, or other astrophysical sources, could have
explained the positron excess [120, 121]. It turns out that
secondary electrons have a very flat equilibrium spectrum,
which is responsible for the observed positron excess [122].
The origin of the rising positron fraction at high energy is
unknown and has been explained by a variety of mech-
anisms including pulsars [123-125], cosmic rays interact-
ing with giant molecular clouds, and DM “primary” par-
ticles; the “secondaries” come from these particles collid-
ing with interstellar gas and producing pions and muons,
which decay into electrons and positrons. A third, inter-
esting possibility is that electrons and positrons are cre-
ated by the annihilation of DM particles in the Milky Way
and its halo, see [126, 127] for recent reviews. The modu-
lation in DAMA [128, 129] is present only in the single-hit
events, while it is absent in the multiple-hits as expected
for the DM signal®. However, a new source of leptons in
the sky may also imply new sources of leptons in collid-
ers. So, there are many reasons to look forward to new
data from all experimental groups which are engaged in
the dark matter search.

9 The DM annual modulation signature is very distinctive since the
effect induced by DM particles must simultaneously satisfy all the fol-
lowing requirements: the rate must contain a component modulated
according to a cosine function (1) with one year period (2) and a phase
that peaks roughly ~ 2 June (3); this modulation must only be found
in a well-defined low energy range, where DM particle induced events
can be present (4); it must apply only to those events in which just
one detector of many actually “fires” (single-hit events), since the DM
particle multi-interaction probability is negligible (5); and etc. Please
read the Ref.[129] for more details.
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4 Constraints on dark sector from
colliders

The aforementioned astrophysical results allow us to use
a model of DM which does not predict antiproton anni-
hilation. Actually, this is easiest done by forcing the DM
particles to annihilate into leptons, avoiding decays into
hadrons, but in this case these hypothetical particles will
be produced in hadron collisions only very rarely. There-
fore, with the hypothesis, assuming that DM annihilation
may be the source of ATIC, PAMELA, Fermi LAT, AMS-02
excesses, we can come straight to a couple of interesting
conclusions. Firstly, the increase in positrons was a poten-
tial sign that DM particles had been detected: these par-
ticles annihilate to electrons or muons, either directly or
indirectly; and secondly, they do so about 100 times more
frequently than expected.

Both can be accomplished with a theory containing a
new force in the specific subclass of Hidden Valleys (“dark
sectors"), with a dark vector boson mixing with the pho-
ton, if its mass is O(GeV). In this case special attention
should be paid to a model of DM by N. Arkani-Hamed et
al. [93, 94, 130]. They proposed that DM is charged under
non-Abelian “hidden” gauge symmetry Gp, which is bro-
ken at ~ 1 GeV scale [94]. Such a model reconciles the ten-
sions between the astrophysical experimental results and
more conventional models of WIMP dark matter [130], be-
cause the cross section in hadron collisions is very small
and there is no excess of antiprotons, which has also been
demonstrated by PAMELA results. While SUSY is not nec-
essary to realize such a model, it is well motivated because
the GeV scale is automatically generated [130].

Concerning the aforementioned “hidden” symmetry
in the models of N.Arkani-Hamed, it is important to
note several theoretical ideas which motivate a concept
of a so-called “hidden sector” comprised of yet unob-
servable fields which are singlets under Standard Model
SU(3)xSU(2)xU(1) gauge symmetries [93, 94, 130-132].
There is a vast amount of speculation in the literature
about the nature of hidden sectors, including for exam-
ple simple modifications of Standard Model [46, 89, 90],
Stueckelberg extensions of Standard Model [133, 134],
string theory variations [135], models of higher dimen-
sion operators mediated by heavy states in Hidden Val-
leys [131, 137, 138], models with mediation via kinetic mix-
ing [139-141] and specifically kinetic mixing in the class
of dark force models discussed in [93, 130, 143], Higgsed
dark-sector [93, 94, 130], Confined dark-sector [144], and
Unparticle physics [145]. We also discuss later in the paper
generalized portals occurring due to hidden-visible sec-
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tor couplings arising from both kinetic and mass mixings
[139, 146, 147]. Compiling a full listing all the different vari-
ants of the hidden sector (supersymmetric) models is in it-
self a daunting task and is beyond the scope of this work,
so we recommend reader this Ref.[22, 23] and references
therein.

Hidden sector models have a Higgs that decays pre-
dominantly into a light hidden sector (dark sector) either
directly or through light hidden states [86, 148]. There
are several states which are typical to this sector. Heav-
ier dark sector states, after being produced through one
of the channels (SUSY electroweak-ino production, Rare
Z decay, prompt dark-photon, Dark Higgs), will cascade
down to lighter states; some examples are shown on Fig.5,
and, after decaying back into SM states on measurable
time scales. Similar to the QCD and QED the dark sector
state can have “dark radiations™ if the dark sector gauge
coupling is not so small [107] — or dark showering, see
Fig.5(d,e).

Assuming that the dark photon masses are relatively
small compared to the typical partonic center of mass en-
ergy at the LHC, emission of dark photons from a DM pazr-
ticle receives a strong enhancement in the collinear di-
rection, so typically will be produced at the LHC with a
large boost. In other words the resulting decay products
are highly collimated, for example from Z decay we have ~
=my/2m b, ~ 50. This leads to a class of unique objects, so
called lepton-jets [94, 130, 161], which are high collimated
energetic leptons. In accordance with the branching ra-
tios, a dark photon predominantly decays into a pair of lep-
tons, while if it is heavy enough a dark photon also may de-
cay into pions or kaons [107, 148]. A concrete search strat-
egy for such “hidden” Higgs decays has been proposed in
[149].

Previous dark sector searches at the Tevatron focus
on the electroweak production of charginos and neutrali-
nos [152], see Fig.5(a), while the higher center-of-mass en-
ergy of the LHC allows to focus the search on colored SUSY
production, because of higher color production cross sec-
tions, where squarks become the lightest superpartners.
A search for dark photon with mass above 210 MeV, was
performed by the CDF [153]; the D@ collaboration focused
on dark-photon with mass 1.4 GeV [152], and came up with
more results for m,, = 0.3,0.9, and 1.3 GeV in [154]. The
sensitivity of that analysis to models considered in the AT-
LAS work is approximately two orders of magnitude lower
[155, 156, 158].

There are several possible production mechanisms
that involve SUSY in the dark sector, which will be dis-
cussed later in the paper. One such mechanism involves
electroweak-inos [161] that tend to cascade down to the
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lightest neutralino x3, producing (color) particles along
the way, resulting in QCD jets in addition to lepton-jets in
the model’s collider signature. Another production mecha-
nism involves squark pair production and subsequent de-
cay [130]. The ATLAS results based on this signature are
shown in [155]. In this search, the DM particles produced
through SUSY final state mechanism, where the DM parti-
cles (for example dark neutralino yp, and dark higgs hp)
decaying into low mass states end up with large missing
energy and a boosted set of leptons via coupling to the dark
photons ~p. The representation of this process is shown
in Fig.5(b). Squarks represent the lightest supersymmetric
partner (LSP) of the MSSM that decays into a quark and
lighter dark sector fermion, which then cascade-decays
into the lightest dark sector states, ending up with large
missing energy and a boosted set of leptons or pions via
coupling to the dark photons ~p. The lightest dark sector
fermion becomes the true LSP which escapes detection as
a cold DM candidate?®,

Following the hidden sector search strategy proposed
in [149], the ATLAS [155, 156] and CMS [163, 164] collab-
orations perform DM search under the assumption that
DM is made up of light particles, as some of the leading
theories and observational evidence suggest. They search
for associated production of “hidden" Higgs with W bo-
son, where the domain of “hidden/dark” sector parame-
ter space is considered such that Higgs decays via several
steps in the dark sector (dark showering), the set of the
stable scalars mimicking the lightest hidden fermions, to
lepton-jets, and probe dark photon masses in the range 0.1
GeV < m., <0.2GeV [156, 165]. Additional probes of the
dark photon mass have been done in the range 0.15 GeV
< m., <0.5GeV [155].

Recently ATLAS updated their limits on prompt dark
photon production using 8 TeV data [157]. Results from an
8 TeV ATLAS search for displaced muon lepton-jets as de-
cay products of the dark photon with mass of 0.4 GeV are
shown in [158]. The CMS results for displaced lepton-jets
are shown in [159, 160].

In addition, the DM cascade, and parton showering,
in the dark sector can lead to higher multiplicities of the
leptons that form these jets (possibly two, three, four, or
more), however theoretical models do not give an unam-
biguous definition of lepton-jets. In a sense its not clear

10 The simplest assumption concerning the DM is that it has no sig-
nificant interactions with other matter, and that its particles have a
negligible velocity as far as structure formation is concerned. Such
DM is described as ‘cold’, and candidates include the lightest super-
symmetric particle, the axion, and primordial black holes.
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how many leptons should form a shape of such a jet. There-
fore, there are too many options for model-based searches,
some of which have been tested in [162] by analyzing the
associated production of hidden Higgs with W/Z boson
[162]. This analysis probes for dark photon masses in the
range 0.1 GeV < m,, < 0.7 GeV using the same model as
[156].

In comparison to hadron colliders, the low-energy
e*e” colliders offer an ideal environment to probe low-
mass dark sectors [167-169]. Searches for dark photons
on these machines have also focused on the associated
channels, where a dark photon is produced in association
with a photon in e*e™ collisions and decays back to SM
fermions if other dark sector states are kinematically in-
accessible [170, 171]. The BaBar collaboration probes dark
photon masses in the range 0.3 GeV < my <5 GeV [170]
and later 0.02 GeV < m, < 10.2 GeV [171]. Additional
constraints on the dark photon parameter space from the
BaBar dark Higgsstrahlung searches have been imposed in
[172].

The WASA search for short-lived dark photons in 7°
Dalitz decay, ° — e*e™~, probes masses in the range 0.02
GeV < my < 0.1 GeV [173]. The CERN NA48/2 collabora-
tion also tries to search for the dark photon by focusing on
the deviations in the Dalitz decays, successfully probing
masses in the range 0.009 GeV < my < 0.07 GeV [174].
The same methods have been used by the PHENIX in their
search for the new boson, while in addition to 7° decays
that were probed by the WASA and NA48/2 they consider
n meson decays to e*e”, where an electron positron pair
appears as result of the dark photon decay [175]. They put
upper limits on the dark photon mixing strength for the
mass range 0.03 GeV < my < 0.09 GeV.

The KLOE did not find any evidence for dark photons
in the ¢ — nU decays, where U subsequently decays to
electron-positron pairs [177]. Their resulting exclusion plot
covers the mass range 0.005 GeV < my < 0.47 GeV [178].
Later they repeat the analysis on new data and put an up-
per limit at 90% C.L. on the ratio between dark photon cou-
pling and the fine structure constant of €2 = &' /a < 1.7 x
107° for0.03GeV< my <0.4GeVande? = a'/a < 8x107°
for the subregion 0.05 GeV < my < 0.21 GeV [179]. The
HADES result provides complementary information about
the mixing € = a'/a of a hypothetical dark photon and
set a tighter constraint than the recent WASA search [173]
in the mass range 0.02 GeV < my < 0.6 GeV [180].

Note, that there is no notation convention between dif-
ferent groups regarding this new boson, which may lead to
confusion by ~p, (also U, Vy, A', v or Z,;), which refer to
the same particle.
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The results of these searches are expressed in terms
of a simplified model which contains the minimal particle
content and is parameterized directly in terms of the par-
ticle masses. This allows one to apply the derived meth-
ods on further searches and to set the limits to any mech-
anisms of communication between the hidden and visible
sectors. This would help to pinpoint the mass of the DM
particle in classes of hidden sector models with new con-
fining gauge groups which are natural in a Hidden Valley,
a quirk or Unparticle models and with low mass DM.

Later sections further describe DM models. The out-
lined classes of models lead to astrophysical predictions
offering several explanations to the positron anomaly seen
in the recent satellite data [16, 17, 20, 109—-114]. Such pro-
posals include the self-interacting DM [95-99], the multi-
component DM [181], a boost in positrons from a Sommer-
feld enhancement [93] and a Breit-Wigner enhancement of
DM annihilations [182] (see also [139]). Further, the pres-
ence of hidden sector states degenerate with the DM par-
ticle can satisfy the current relic density constraints via
coannihilation effects [183, 184].

5 Visible Signatures from Hidden
Sector

This section is devoted to the review of a class of models
with visible signatures due to the presence of hidden gauge
symmetries. Each of these models have a hidden sector'*
consisting of particles that are completely neutral with re-
spect to the SM gauge group, a visible sector consisting of
particles of the MSSM and a communication between the
hidden and the visible sectors (Fig.4), involving the medi-
ation by particles that comprises an additional messenger
sector. There are no renormalizable tree-level interactions
between particles of the visible and hidden sectors. The
hidden sector models that will be discussed can be put to
the test by both sets of experiments namely, direct search
experiments in the underground labs and by the DM par-
ticles production via SM interaction on colliders.

The concept of the hidden sector has a long history
and its modern roots lie in supersymmetry, where hidden
sectors are responsible for the breaking of supersymmetry.
However, the fields in the traditional SUSY hidden sectors
are typically very massive. Thus while the consequences
of the hidden sectors have direct bearing on the building

11 The concept of a hidden sector is more general than supersymme-
try.
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of phenomenologically viable models, whose experimen-
tal signatures will be probed at the LHC and in dark matter
experiments, the actual internal dynamics of the hidden
sector are unreachable directly with colliders or cosmol-
ogy, except for gravity because any DM candidate must in-
teract gravitationally. However, more recently it has been
shown that the hidden sector can give rise to unique signa-
tures at colliders when the mass scale in the hidden sector
is well below a TeV [22], as in Hidden Valleys, Stueckel-
berg extensions and Unparticle models. In particular, con-
fining dynamics in the hidden sector [137, 145, 185, 186]
give rise to exotic signatures such as high jet multiplicity
events [138] and lepton-jets [93, 149], and such event multi-
plicities are also a feature of the models of [130, 143]. Thus
the cascades and dynamics can become rich and complex
in models with an extended hidden sector. In models of
Stueckelberg mass generation and kinetic mixings, very
rich event topologies arise as a consequence of gauged hid-
den sector vector multiplets: complex SUSY cascades and
heavy flavor jet signatures from new scalars [187], multi-
lepton jet signals and missing energy [139, 184, 188] as well
as the possibility of mono-jet and mono-photon signatures
[190]; where the latter signatures also arise in the models
of [161, 191, 192].

There are indeed many recent developments in hid-
den sector models, which include Higgs mediators, light
gauged mediators and axion mediators, see e.g., [130, 139-
141, 190] and many others, as well as investigations of their
phenomenological implications, see [94, 143, 161, 184, 193]
and citations therein.

5.1 Stueckelberg extensions

One of the main features of the Stueckelberg mecha-
nism is that it allows for mass generation for a U(1)
vector field without the benefit of a Higgs mechanism.
The U(1)x Stueckelberg extensions of the SM [133], i.e.,
SUB3)cxSU(2); x U(1)yxU(1)y, involve a non-trivial mix-
ing of the U(1)y hypercharge gauge field B¥ and the U(1)x
Stueckelberg field C¥. There are no couplings with the vis-
ible sector fields for the Stueckelberg field Cy,, while it may
couple with a hidden sector by a gauge kinetic mixing
[139]. Due to LEP electroweak constraints [188] these mix-
ings, however, must be small.

5.2 Stueckelberg extension of MSSM

The Stueckelberg extension of MSSM (StMSSM) is con-
structed from a Stueckelberg chiral multiplet mixing vec-
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tor superfield multiplets for the U(1)y denoted by B = (By,
Ag,Dp) and for the U(1)x denoted by C = (Cy, A¢, D¢) and
a chiral supermultiplet S = (p+io, x, Fs) [188, 194].

s = /dzedzé(M1C+MzB+S+S)2 M

The Lagrangian of Eq.1 is invariant under the su-
persymmetrized gauge transformations: 6y(C, B, S) = (0,
Ay+Ay, - MAy) and 6%(C, B, S) = (Ax+Ayx, 0, - M1Ay).
The quantities My, M, are “topological" input parameters
of this model. The superfield S in Eq.1 contains a scalar p
and an axionic pseudo-scalar o.

A new feature of this extension is that it expands the
neutralino sector of the MSSM. Also it provides an example
of a model where the astrophysical implications for a wino
LSP as well as a mixed Higgsino wino LSP have important
effects on observables.

Dozen of testable signatures of new physics arise
within the framework of the Stueckelberg extensions of
the SM and of the MSSM. The minimal model produces
a narrow vector resonance that is detectable in the dilep-
ton channel and at the LHC [133, 139]. The supersymmet-
ric extension also predicts the presence of a sharp scalar
resonance in the Higgs sector (see [187]). The forward-
backward asymmetry near the Z' pole can also provide a
detectable signal at a linear collider [187]. Moreover, one
should observe the mono-jet signatures if the Z* decays
dominantly into the hidden sector.

The predictions in the fermionic sector are also rich
with implications for DM and for the LHC. The extensions
give rise to three classes of DM (a) milli-weak (b) milli-
charged (c) neutralino-like with extra hidden sector de-
grees of freedom. Thus, the models provide a Dirac dark
matter candidate [139, 190], see Fig.2(b), that can fit the
WMAP data when integrating over the Breit-Wigner Poles
[139] and can also fit the recent astrophysical data (see
Sect.3) due the Breit-Wigner enhancement [182] from the
Z pole.

6 Hidden Valleys

Over the past decades the weak scale became the domi-
nant playground for developing the paradigm of DM. New
symmetries giving rise to stable particles are often appear-
ing in models that stabilize the Higgs mass at the weak
scale. In many of these models the DM density, computed
from the thermal relic abundance of the particles with
masses at the weak scale, is consistent with the astrophys-
ical observations. A solution to the baryon and DM coin-
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Figure 5: (a) One of the diagrams giving rise to the events with a photon, dark photon (vp), and large missing energy due to escaping dark-
inos (¥) at the Fermilab Tevatron Collider, from [152]. (b) Example of the Feynman diagrams for the production of the dark matter parti-

cles through the SUSY final state mechanism and (right) an extension of this diagram where the dark matter particles (for example dark
neutralino yp, and dark higgs hp) decaying into low mass states end up with large missing energy and a boosted set of leptons via cou-
pling to the dark photons ~p; these diagrams relate to [155]. (c) Feynman diagrams for the possible contribution of dark photons, ~p, to
7% — e*e vy and lepton g - 2, from [173]. (d,e) Example of the Feynman diagrams for the associated Higgs boson production with W*/Z
in pp collisions, that give rise to the events with a dark photon at the LHC, from [156] and [162, 165]. In this case the Higgs subsequently
decay into a light hidden/dark sector: 2-step (a) and 3-step (b), where my,, >my, , >m;,.

cidence puzzle arises in the subclass of the hidden sector
DM models, namely Hidden Valley models.

However, in recent years it has been realized that in
these models the phenomenology can be quite distinct and
difficult to find at the LHC, even if the masses of such ex-
tensions to the SM are much lighter than the weak scale.
This issue was examined in the context of Hidden Valley
models [137, 185], where a light gauged hidden sector com-
municates to the SM through weak scale states. One may

also notice similarities and connection to “quirk”2 [195]
and Unparticle models [145]. The impact of a Hidden Valley
on supersymmetric phenomenology at colliders can be sig-
nificant if the LSP lies in the hidden valley sector [131, 181].

12 The U and D quirks are similar to quarks except they carry a new
global charge that keeps one combination, UD, stable (U and D carry
opposite electric charge). Therefore they charged on both hidden sec-
tor and SM gauge groups.
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In these models, states at the TeV scale are often un-
stable, and decay to lighter particles in the hidden sector
Fig.4. This includes, for example, weak scale supersym-
metric states that were previously DM candidates. Often
the lightest R-parity odd state will reside in the hidden
sector, and the MSSM dark matter candidate will decay
to such a light state, modifying the DM dynamics and the
freeze-out calculation [131].

Might these low mass hidden sectors shatter the WIMP
miracle? In most cases no. There are two reasons. First,
in these hidden sectors one may naturally maintain the
same annihilation rate for thermal freeze-out. The an-
nihilation cross section needed to obtain the observed
relic abundance is (0,0 V) = 3 x 1072% cm?/s 13, loga-
rithmically sensitive to the DM mass. This relation is in
particular naturally obtained for weak scale DM, since
g*/m% = 3 x 1072% cm?/s for an O(1) gauge coupling g
and weak scale DM mass my. However, if g <« 1 and
My ~ g*Myeqk, the relation still holds for much lighter
DM masses. This is particularly well motivated in the
context of gauge mediation, where the dark hidden sec-
tor mass scale, mpgg, is set via two loop graphs, m%HS
w g*F?|(M?161%)?10g(Myyeqr/ Mprs)- Since mpyg scales
with g2, the WIMP miracle still holds for DM masses
well below the TeV scale, if my # m,,qk, sSee “WIMPless
miracle"[196]. In the 0.1 GeV — 1 TeV range DM mass is
naturally obtained in the case of 1072 < g < 0.1. More-
over, there are no difficulties to naturally induce even
lower mass scales, such as an O(MeV), if kinetic mixing
is involved [141]. However there are strong constraints ob-
tained from electron beam-dump experiments on such
MeV gauged hidden sectors [189].

For theories with communication of the hidden sec-
tors and the SM through kinetic mixing where supersym-
metry breaking does not set the mass scale in the hidden
sector, see [139, 199]. Depending on whether supersym-
metry is predominantly communicated to the hidden sec-
tor through a D-term or gauge mediated two loop graphs,
the mass scale in the hidden sector is /€gg8ymyeqr OF
€88yMyeqks Where gy is the hypercharge gauge coupling.
For € «» 10™* — 1072 GeV dark forces are obtained as stud-
ied in [93, 130]. For smaller €, lower mass dark forces may
be obtained.

The second case is where solutions to the baryon-
DM coincidence problem provide the observed relic abun-
dance that is naturally obtained with DM mass well below
the weak scale. In these cases a light hidden sector is, in
many cases, required to reproduce the observed relic abun-

13 Thermally-averaged annihilation cross section
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dance. The baryon-DM coincidence is the observational
similarity of the present values of the measured abun-
dances of baryons and of DM, Qpy/Qp = 5 (see [150, 151]
for details), while for the standard thermal freeze-out and
baryogenesis models, these two quantities are set by unre-
lated parameters in the model (as in the MSSM, for exam-
ple, where baryon asymmetries and the DM are set largely
by CP asymmetries and DM mass, respectively). However,
such coincidence could be an indication of a common ori-
gin.

Solutions to this problem often relate the asymmet-
ric number densities of the dark matter, ny - ny , to the
baryons (or leptons), ny - ny = ny - nj, where the exact
relations are O(1) and depend on the particular operator
transferring the asymmetries. This relation in turn implies
a connection between the baryon(proton) mass and the
DM mass: my ~ 5mp. Here again the precise factor will de-
pend on the particular operator transferring the asymme-
try. In this case the DM is low mass and weakly coupled to
the SM, residing in a Hidden Valley.

This discussion is not meant to be in any sense a
complete description of these models, but rather a broad
overview of the types of hidden sectors that have been con-
structed. We refer the reader to the appropriate references
for details on their construction.

6.1 Models of hidden dark matter

As was indicated above, low mass DM candidates may be
particularly well motivated in the context of gauge me-
diation with kinetic mixing of a new U(1)x with hyper-
charge, as considered in [93, 130, 141]. What happens to
the dark force in the hidden sector? As has been discussed
in [93, 130, 141], a VEV for the dark Higgses will be induced
through SUSY breaking effects, this VEV in turn will break
the dark force and give it a mass set by the size of the SUSY
breaking mass scale in the hidden sector, typically much
lower than the TeV scale.

Hypercharge D-terms will induce a VEV for a dark
Higgs with tanf3 # 1induced by SUSY breaking while the su-
persymmetric Electroweak Symmetry Breaking necessar-
ily has tanf = 1 to ensure D-flatness [142], through the po-

tential
g)z( 2 €
Vp =57 ;Xi|¢i| - afy @

where ¢; in the hidden sector scalar field with U(1)x
charge of the Higgs x;, gx the gauge coupling and &y = -
%Yczﬁvz is the hypercharge D-term, with v = 246 GeV and
the mixing between up and down-type Higgses, .
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The VEV for the dark Higgs induced by this potential

Eq.2is
(1) = ( €y ) 3)

8xXi
As was outlined in the previous section, for € = 1074 -
1072 the dark U(1)yx gauge boson acquires a GeV scale
mass. The smaller gauge boson masses, down to MeV
range, can be obtained for smaller kinetic mixings.

There is a subdominant effect relative to renormal-
ization group effects, termed Little Gauge Mediation [181,
202], which communicates a soft mass to the hidden Higgs
of size mz’(’)% ~€ m;’:fﬂ through the usual two loop gauge
mediation diagrams, with messengers in the loop. The typ-
ical size of such soft terms is close to a GeV for e ~ 107> and
m;:fﬂ ~ TeV. More precisely this gives rise to the soft scalar
masses, a dark Higgs mass, at the gauge messenger scale:

2
2 2.2 ( 8x 2

my =€e°xj | 2= | Mg (4)
[of '(gy) E

where m,zsc is the SUSY breaking mass of the right-handed
selectron [181]. These terms are almost always important
for determining the precise spectrum of the hidden sec-
tors, particularly when the hypercharge D-term is zero.

The spectrum in the hidden sector will depend on the
precise matter content, however taking a simple anomaly
free dark sector

Wy = ASpd 5)
results in one stable, R-odd fermion, whose mass is either
A{@) or V2xugx ().

The DM mass in these models is set by thermal freeze-
out, and for some ranges of parameters and mass spectra
a “WIMPless miracle” for dark matter in the MeV to tens
of GeV mass range naturally results [202]. While in some
classes of these low mass hidden sector models, thermal
freeze-out naturally results in the right relic abundance.

6.2 Low mass dark sectors as solutions to
the baryon-dark matter coincidence

Now we discuss that class of models where GeV mass
states will automatically give the correct relic abundance:
solutions to the baryon and DM coincidence, see Sec.6
for more details. One may find a number of solutions to
the baryon-DM coincidence in the literature [167], espe-
cially in the context of technicolor [168]. Here we will try
to describe a particularly simple class of models which is
termed Asymmetric Dark Matter [176]. For this class the DM
candidate is not derived from models designed to stabi-
lize the weak scale. This particular class of models fits the
paradigm of the low mass hidden sector — Hidden Valley.
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These models have been developed in order to build
an effective field theory which describes the interactions
between the hidden sector and the visible sector, which
transfers a SM baryon or lepton asymmetry to the dark sec-
tor. There is sterileness requirement for the DM in these
models, which is applied in order to reduce the number of
operators which can be constructed. In particular, in the
context of supersymmetry, if the sterile operators udd and
LH - the lowest dimension operators carrying lepton or
baryon number are connected to the hidden sector con-
taining the dark field X to transfer an asymmetry, then the
superpotential takes the form

X%udd

W= 6)
X’LH

W="— @

The second operator, for example, enforces the following
relation between DM number densities 2(ny - ng) = n; - n;,
and the detailed calculation relating the lepton asymmetry
to the baryon asymmetry (through sphalerons  [201]) con-
sequently shows that this model predicts my =~ 8 GeV. One
may note that X? which was added instead of X, ensures
DM stability due to additional Z, symmetry. However, we
refer to [169] in cases where R-parity is utilized instead to
stabilize the DM.

After transferring the SM baryon or lepton asymmetry
to the dark sector, the symmetric part of the DM (which is
much larger than the asymmetric part, nx + ny > nx - ny)
must annihilate, leaving only the asymmetric part. There
are a variety of mechanisms to do this, but the difficulty
here is having a mechanism which is efficient enough to
annihilate away the whole of the symmetric part through
XX — SM. The cross-section for such a process can be de-
fined through a dimension six operator as

1 mg
OV = T s (8)
In order to reduce the DM density to its asymmetric compo-
nent this cross-section must be bigger than approximately
1pb. This requirement implys a rather severe constraint for
any new electroweak state coupling to the SM states, M’ <
100 GeV.

Here a confining gauge interaction in the hidden sec-
tor, which introduces a mass gap into the theory, can be a
useful tool. If the symmetric and asymmetric bound states

14 The classical saddle-point solutions in a relativistic field theory,
which are related to the topology of the field configuration space.
Based on the classical Greek adjective cpaldepos (sphalerds) mean-
ing “ready to fall.”
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of elementary dark sector fermions form the DM, then the
symmetric states may decay through the same dimension
six operators, while the asymmetric states would remain
stable [203].

6.3 Dark sectors with confinement

The constituents of the DM bound states may carry elec-
troweak charges. This possibility was recently considered
in a framework of confinement models [204]. One may note
that these models bear some similarity to the models con-
structed in the context of technicolor [168]. The new defin-
ing characteristic of this hidden sector model is the pres-
ence of a new non-Abelian gauge group which confines at
a low scale. The DM candidate is a charge-neutral com-
posite of electroweak charged, weak scale mass, “quirks”.
That is to say, analogous to the proton, the DM is a compos-
ite dark baryon. The low mass dark glueballs reside in the
hidden sector, while the DM constituents are themselves
heavy weak scale fields and act as the connectors between
the SM and dark glue sector.

These constituents can be processed by sphalerons,
because they are electroweak-charged. In particular,
the sphalerons will violate some linear combination of
baryon, lepton and dark baryon number, DB. Thus an
asymmetry in baryon and lepton numbers (produced from
some leptogenesis or baryogenesis mechanism) will be
converted to an asymmetry in DB. The DB asymmetry then
in turn sets the DM relic density. Since the DM mass is
around the mass of the weak scale quirk constituents,
there must be a Boltzmann suppression in DB to achieve
the observed baryon-DM coincidence [150, 151]. This can
be naturally achieved when the sphalerons decouple just
below the DM mass [200, 201]:

mDM e—mDM/Tsp;, -Qb (9)
mp

Qpy ~

where T, is the sphaleron decoupling temperature [200],
and the exact proportions are worked out in [204].

These models have also effectively been used to
achieve the mass splittings necessary to realize the inelas-
tic [205, 206] and exciting DM scenarios [114, 207]. The
DM in the dark sectors with confinement is again at the
weak scale composite with the confinement scale of the
gauge group binding the constituents in the 100 keV - MeV
range. The result is mass splittings between the DM ground
state and excited states set by the confinement scale, and
these mass splittings are phenomenologically of the size
to fit DAMA [47] and INTEGRAL [113] observations through
the excitation of the DM ground state to one of the higher
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states, which then decays back to the ground state, pro-
ducing e*e” or resulting in an inelastic scattering of DM
off nuclei.

7 GeV dark sector at the LHC

Dark matter can carry GeV~! scale self-interactions [197],
but considering the thermal evolution of the dark and vis-
ible sectors in the early Universe may shift the scale to
TeV~! [198]. The self-interactions of DM have important
implications for the formation and evolution of structure,
from dwarf galaxies to clusters of galaxies [95, 96, 99]. The
equilibrium solutions in these self-interacting DM models
for the dark matter halo density profile, including the grav-
itational potential of both baryons and DM, has been ob-
tained in [97, 98].

Motivated by astrophysical observations (see Sect.3),
it has been proposed in Ref.[93, 199]) that electroweak
scale DM (mpy ~ TeV) has GeV~! range self-interactions.
This sector generically also couples to the SM states in or-
der to account for the excesses in the cosmic ray observa-
tions. In the same time, in order to satisfy the experimental
constraints, such couplings (the “portal”) are expected to
be tiny. A review of more specific model buildings for the
dark sector can been found in [22]. One may also note that
this class of models can be regarded as a distinct possibil-
ity of the Hidden Valley scenario [137, 185].

Different choices of the dark sector gauge interactions,
Gp, and the portal to the SM have been considered in [208].
In the following, we will focus on the portal which is gen-
erated by kinetic mixing between an U(1)y factor of Gp
and the hypercharge U(1)y. Let’s discuss the most relevant
part of the Lagrangian from which the most generic signals
can be derived. The kinetic mixing can be parameterized
as [161]

1 1
Lgauge mix = _ielbyvAuv - Eezbuvzyv
1 1 (10)

= —jelbva”V - ZEZbPVWMV,

where b,y denotes the field strength for the dark gauge bo-
sonand €; ; and e’l, , are related by the Weinberg angle. In
particular, when only €] is present, we have €; = €, cosfy
and € = €; sinfy. The fields B*” and W}" are replaced by
the physical particles Z#¥ and A*" through the rotation

Z" = cosOy WE” - sinfy B*,

A" = cosOy B +sinfy W .

(1)
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There is also an identical mixing between the gauginos in
the supersymmetric scenarios [161]

Lgqugino mix = ~2i€1b'6" 9, B - 2ie;,b'6" 0, W5 +h.c. (12)

The kinetic mixings can be removed from by appropriate
field redefinitions, which lead to the portal couplings [161]

Lportal = €1bu1§M + eZZ}J’; + elléjj, + 6,2 W37[,, (13)

T = 80> ai (1 (o - o hf) + Rionhy) ,  (14)
1

J; = —iﬁgdZQif?:’rhi, (15)
1
where Jg) is the SM electromagnetic current. J, contains
dark scalar and dark fermion bilinears, and 75 contains
mixed dark scalar-fermion bilinears. B, W3 stays for MSSM
gauginos, a b — dark bino, by denote the dark photon.
The range €; = 10~ - 1073, which satisfies all the con-
straints (for recent studies, see [193, 209] and references
therein) implies dark photons with very short lifetimes
[149], which leads to the prompt decays of the dark pho-
ton [155, 156, 164] (see also for more details on the prompt
lepton-jet search [162, 165, 166]). For sufficiently small val-
ues of €; (less than 107%), the dark photon lifetime can
be sizable, leading to so-called displaced decay vertices
observable in the laboratory frame [158—160]. Therefore,
most of the recent LHC searches focus on the simplest case
Gp = U(1)y and try to investigate both options, which en-
capsulates the main features of dark sector phenomenol-
ogy [130, 143, 161]. The new features can be highlighted
from a more complicated dark sector.

8 Summary

We have conducted a review of progress on the search for
the hidden/dark photon, and on the main achievements
from recent experimental investigation in this field. We are
beginning to learn that the dark sector could be complex
— it may not simply be a single, stable, weakly interacting
particle. There may be multiple resonances in the hidden
sector with an array of new forces that govern their inter-
actions, from confining gauge groups to a dark U(1). And
this new dynamic need not reside at the weak scale, which
opens new avenues for exploration.

The models mentioned in this paper address the re-
cent astrophysical observations, showing an anomalous
excess of cosmic-ray leptons, by proposing a variety of set-
tings that impact the hidden sector and which give rise to
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a plethora of new physics signatures both in direct DM ex-
periments and at the LHC, which we search for, see Fig.2.
Many recent theories suggest that DM is made up of pre-
viously unknown particle(s) on the scale of weak interac-
tions [93]. Specifically, the classes of hidden sector models
with low mass DM, which can arise via kinetic mixings, as
well as via asymmetric DM models, and dark sectors with
new confining gauge groups. A couple of mechanisms for
communication between the hidden and visible sectors,
aside from by gravity, have been outlined. This communi-
cation could be realized via U(1) gauge fields in the hidden
sector which mix with the gauge fields in the visible sector
via kinetic mixings or via mass mixing by the Stueckelberg
mixing mechanism, or via higher dimensional operators.

It has been also shown that the recently discovered
Higgs boson [210-212] may act as a link between particles
we are familiar with and other particles that have so far
avoided detection, such as DM [156, 162, 165]. Searches for
new physics that are not tuned on a specific model can
remain sensitive to new physics that may not be well de-
scribed by known theories, and may continue to probe
a wide variety of New Physics processes even if some of
them are later excluded. Furthermore, the results of such
model-independent searches can later be re-interpreted in
the context of new models as they are proposed.

The searches reviewed in this paper seek to further test
the SM by looking for deviations in the associated neutral
mesons decays [173-175, 177-180], for anomalous produc-
tion of the tightly collimated prompt [155, 164] or displaced
lepton pairs [158], and also by looking for the anomalous
production of events with gauge bosons and at least two
prompt leptons in the final state, e and u lepton flavors
[156, 162, 165]. As a signature-based search, specific mod-
els of new physics are only considered to benchmark the
performance of the selection criteria. If the dark photon
decays into quarks [107, 148] it is for all intents and pur-
poses invisible to ATLAS and CMS, if the QCD is not sup-
pressed by some mechanism. For the heavy dark photons
the aim would be, instead of a possibly hopeless search
for pion pairs, to find jets which have peculiar electro-
magnetic vs hadron fractions [149] — because there would
be a mixture of dark photons decaying into e/u and 7’s,
which is probably quite different to regular QCD. Hence,
it is still an open issue and needs further investigation in
the lepton-jet analysis approach. Efforts with smaller-scale
lab experiments to search for much lighter hidden pho-
tons, where the decay channel of dark photon to lepton
pair is forbidden, should also receive some attention in
this scope, such as the laser polarization [72, 73, 76], LSW
experiments [70, 74] and the conversion experiments, “he-
lioscopes™ [71, 77, 78].
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What can we anticipate for the future? Current data
from the direct experiments [39-44, 4648, 54-58] and as
astrophysical experiments [16-20] can potentially be ex-
plained within several DM frameworks [16, 17, 20, 109—
114], see Fig.2.

However, the smaller-scale lab experiments [70, 72—
74, 76-78], at the high energy colliders [155, 156, 163, 170,
171, 175, 213] and low energy colliders [173, 174, 179, 180,
214] have not yet observed any hint of a dark/hidden pho-
ton. Without a clear positive signal, the dark photon dark
matter hypothesis stands out as increasingly interesting
and deserves serious attention.

Along the way are many opportunities to detect other
DM candidates, which are also strongly motivated by
embedding of the Standard Model into more fundamen-
tal theories. In fact, a number of high-scale and small-
scale experiments at the high and low-energies are ac-
tively searching for these elusive particles, complement-
ing searches for physics beyond the Standard Model at
the high-energy frontier. The next Run of the LHC exper-
iments, which include scaled-up versions of the existing
techniques as well as innovative concepts, together cover-
ing a huge unexplored parameter space, will continue to
place tighter constraints on the exotic signatures. Discov-
ery of DM candidate(s) would have a tremendous impact
on our understanding of fundamental physics, and astro-
physics, and may shed light on the dark universe.
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