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Light dark matter candidates
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Minimal extension of the SM gauge sector
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Axion (and axion-like particles)
Proposed solution of the strong CP problem

２parameters :
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unsuppressed by heavy mass scales and is generically
expected to exist, although different UV completions allow
ε to be naturally extremely small [23]. Such an interaction
can lead to a wide variety of possible constraints and new
searches—see for example [10,17,18,24–49], and other
references given below in this section. If so, over a wide
range of masses 10−12–10−3 eV, a cosmological abundance
of such particles can be detected using well-developed
electromagnetic resonator technologies as suggested in
[13,19,50]. The estimated reach of such experiments is
plotted in Fig. 6. These experiments are sensitive to the
combination ε ffiffiffiffiffiffiργ0

p , where ργ0 is the local energy density in
the massive vector boson, which of course cannot be larger
than the dark-matter density. Since the sensitivity scales asffiffiffiffiffiffiργ0
p , and since ε is a priori unknown, these detectors have
the ability to probe vector boson densities that are a
small subcomponent of the dark-matter density. This is
particularly important in this scenario since the abundance

generated by inflation will be smaller than the dark-
matter density for vectors with mass less than
∼10−5 eVð1014 GeV=HIÞ4. Given our ignorance of the
ultraviolet physics responsible for the origins of these
massive vector bosons and the model-independent way
in which the vector boson abundance is generated, there is a
strong case to search for such a cosmic abundance over a
wide range of parameters.
Interestingly, as is clear from Fig. 6, electromagnetic

resonator technology is particularly well suited to search
for massive vector bosons in a several-decade mass range
around ∼10−6 eV, corresponding to resonator frequencies
∼108 Hz. If the scale of inflation is close to the present
experimental bound of HI ∼ 1014 GeV, a vector boson in
this mass range will have an abundance equal to the
observed dark-matter density. There is thus strong moti-
vation to leverage the existence of high-precision electro-
magnetic sensors in this frequency range as a positive
detection could yield strong evidence for inflation. The
blue dashed line shows the projected reach of a recently
proposed search with resonant LC oscillators [19], with the
blue dotted line showing the potential improvement by
multiplexing in the high-frequency regime.
As is evident from Fig. 6, there are a variety of

constraints on such kinetically mixed vector bosons. A
cosmic abundance of these vector bosons is constrained in
the tan-shaded regions. The central tan-shaded region in
Fig. 6 is ruled out by CMB distortions due to conversion of
the vector into photons [13]. The rightmost region is
excluded due to depletion of the vector by conversion into
photons. We derive this bound following the analysis of
[13], but taking the initial abundance to be the maximum
allowed by inflationary production, whereas in [13] an
exponentially large initial abundance was considered. The
leftmost, semitransparent tan region is claimed in [13] to be
excluded due to depletion of the vector by conversion into
plasma modes. This analysis appears to have ignored the
(potentially large) disruptive effect this would have on the
baryon plasma and so may not be valid. We do not attempt
to reanalyze this constraint here. As pointed out in [20],
conventional dark-matter direct-detection experiments are
sensitive to vector dark matter if its mass is above the
experimental threshold energy. Similarly, as pointed out
in [13], the ADMX axion dark-matter search is also
sensitive to vector dark matter. The green-shaded regions
in Fig. 6 show the corresponding exclusions from results
from the ADMX [51], Xenon10 [52] and Xenon100 [53]
experiments.
The blue-gray-shaded regions are excluded regardless of

the cosmic abundance of the vector boson—they only rely
on the existence of the vector boson as a degree of freedom
in the theory. These bounds include stellar production of
the vector [54,55], precision tests of electromagnetism
[31,32,56], and distortion of the CMB due to conversion
of photons into the vector [57]. Since these are bounds on ε

FIG. 6. Prospects for direct detection of a cosmological vector
abundance through kinetic mixing with the photon. Direct-
detection experiments are sensitive to the combination ε ffiffiffiffiffiffiργ0

p

shown on the y axis (mγ0 is the mass of the new vector, and ργ0 its
cosmic abundance—this plot does not assume the vector makes
up all the dark matter). In the vertical pink band, high-scale
inflation (1013 GeV ≲HI ≲ 1014 GeV) generates the full dark-
matter abundance for the vector. Masses to the right of this band
require lower values ofHI , while to the left of this band the vector
can constitute an interesting dark-matter subcomponent. The blue
dashed line shows the projected reach of a recently proposed
search with resonant LC oscillators [19], with the blue dotted line
showing the potential improvement by multiplexing in the high-
frequency regime. Tan-shaded regions are excluded due to
cosmological disturbances caused by the relic vectors, while
green regions are excluded by null results from the Xenon10/100
and ADMX dark-matter searches. Gray-blue-shaded regions
indicate constraints on the existence of the vector independent
of its cosmological abundance (these are truly constraints on ε, so
to plot these here it was assumed that the vector makes up the
largest possible fraction of the dark matter that is consistent with
inflationary production). See Sec. V for more details.
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Standard model + inflation + dark photon
Dark photon dark matter

Graham, Mardon, Rajendran, PRD93, 103520 (2016)
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HI : Hubble scale of inflation
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Search principle with quantum coherence
axion case
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Macrocoherence
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Macrocoherence Yoshimura et al. (2008)

Initial state of N atoms
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macrocoherent amplification

Final state
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Finite width and volume
Width
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Cs pilot experiment

cf. single atom rate:
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CW laser power: 1W(g-i), 1mW(g-f)
Laser cross section: 1mm2
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Background
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Coherence measurement
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Summary
■Rate amplification by coherence in ensemble of atoms 

significance of <latexit sha1_base64="5bHr4q1gPRkzFs6ljyNuqmvW254="></latexit>⇢fi
macrocoherence and momentum conservation

■Halo dark photon/axion search experiment
Cs pilot experiment at Okayama U
coherence generation and <latexit sha1_base64="yIP5aB+BCJ3Tw3ix3GkJFhXRdq0="></latexit>⇢fi measurement ongoing

■Theoretical issues 

dark photon polarization and its detection
temporal signal variation, high-density (solid) target

more realistic simulation of signal and background


