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Shedding light on Dark Photons '

Josef Pradler, Institute of High Energy Physics by the Austrian Academy of Sciences

The Standard Model of particle physics is incomplete. Neu-
trinos carry mass, and cosmology and astrophysics call for
an extension of the Standard Model (SM), through the need
for dark matter. In almost a century of progress, particle
Dark Matter (DM) remains the single, most powerful physics
concept able to explain otherwise anomalous observations
on all cosmological scales, from the motions of stars in the
solar neighborhood to the gravitational imprint of hon-lumi-
nous matter onto the horizon of the observable Universe.
Yet, the concrete, microscopic properties of the hidden sec-
tor remain essentially unknown. The particle identity of dark
matter remains a mystery, and it is a puzzle that has occu-
pied physicists for many years.

While the number of theoretical possibilities for DM remains
enormous, several model classes can be broadly identified.
If new physics exists at or near the electroweak scale, a
weakly interacting massive particle (WIMP) becomes a via-
ble option. The WIMP paradigm assumes the existence of a
relatively heavy particle, typically with a mass in the GeV/c?
to TeV/c? range, having sizable couplings to the Standard
Model. The simplest models of this type also predict a sig-
nificant scattering rate for WIMPs in the galactic halo on
nuclei, when up to 100 keV of WIMP kinetic energy can be
transferred to atoms, offering a variety of pathways for de-
tection. A whole battery of such direct detection experiments
are now seeking to observe the recoil scattering of galactic
Dark Matter particles on nuclei.
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Figure 1: Laboratory, direct detection limits on dark photon dark
matter exceed astrophysical constraints; taken from [1].

Another possibility for DM are superweakly interacting parti-
cles. Dark matter of this type is harder to detect directly, as
the couplings to the SM are usually smaller than those of
WIMPs by many orders of magnitude. Metastability of such
states offers a pathway for the indirect detection of photons
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in the decay products, as is the case for metastable neutri-
no-like particles in the O(10 keV/c?) mass range.

A prominent representative of the latter class are “dark
photons”, new massive vector particles V. They are intro-
duced as an extension of the SM through their kinetic mix-
ing term to the hypercharge field strength of the SM. Below
the electroweak scale, the effective kinetic mixing, k V F",
of strength k between the dark photon V and photon A with
respective field strengths V“V and F* is the most important
one. This simple model has been under significant scrutiny
over the last few years, as the minimal realization of one of
the few UV-complete extensions of the SM (portals) that al-
lows for the existence of light weakly coupled particles.

In [1] we show that dark matter made from dark photons can
be detected with direct detection experiments—albeit super-
weak couplings to SM. Unlike a nuclear recoil, the signature
of WIMPs, dark photons offer a signature by being absorbed
by atomic electrons when the dark photon mass is in the
10 eV/c? - 100 keV/c? window [2]. The exquisite sensitivity
to ionization signatures at experiments that employ liquid
scintillators then allows stringent constraints to be placed
on dark photon dark matter. In particular, the experimental
results by the Xenon10 and Xenon100 collaborations put in
place a limit on the coupling constant of the dark photon to
electrons, ek (e is the electric charge), that ranges as low
as K ~0(107).

Figure 1 shows the derived laboratory exclusions as la-
beled. The lower mass limit, 12 eV/c?, is determined by the
ionization threshold of liquid xenon; the dark photon moves
at non-relativistic speed through the galactic halo, and when
it is being absorbed, its mass is converted into kinetic en-
ergy of the electron. Above a vector mass of ~100 keV/c?
the lifetime of V becomes comparable to the age of the Uni-
verse. A dark photon of this mass cannot decay into elec-
trons, but it may decay, through a quantum loop, into three
photons. This possibility is restricted through astronomical
observations of the diffuse gamma ray background and
through the measurements of the cosmic microwave back-
ground (CMB).

Perhaps most remarkable, the ensuing laboratory limits ex-
ceed those from stellar energy loss arguments of the sun,
horizontal branch stars (HB) and red giant stars (RG) over a
significant mass range. Stars are supreme probes to detect
the presence of light, feebly interacting particles, and these
astrophysical limits are usually much superior to laboratory
tests. The new particles can be produced in the stellar inte-
rior and carry energy from the interior to the outside. Dark
photons are subject to those constraints, but it is one of the
rare cases where direct limits are in fact superior. Indeed,
one can use the very same dark matter experiments to
search for the solar flux of dark photons [3].

A different range in dark photon mass, 1 MeV/c? - 10 Gev/c?,
is under tremendous scrutiny in recent years as it defines



a window of opportunity for “intensity frontier” experiments
[4]. Dark photons in this mass range cannot be dark mat-
ter; they decay to electrons, muons, pions—any states with
electromagnetic charge and within kinematic reach. Howev-
er, unstable dark photons still play a prominent role as “dark
force” carriers between other dark matter particles. They
regulate the dark matter annihilation cross section, and for
this V particles have received by far the most attention in
the literature.

The dark photon decay offers an experimental signature
that follows the production in intense low-energy electron
beams. Some of the experimental efforts are depicted in the
upper part of Figure 2. As can be seen, the experimental
sensitivity is restricted to kinetic mixing parameters kK > 108,
If the kinetic mixing parameter k becomes smaller, the link
to the SM is severed, and all laboratory efforts of detection
fail (even when considering futuristic experimental setups.)
Here, cosmology comes to the rescue.

In the past two decades, there has been impressive
progress in our understanding of the cosmological history
of the Universe. A variety of precision measurements and
observations point to a specific sequence of major cosmo-
logical events: inflation, baryogenesis, big bang nucleosyn-
thesis (BBN), recombination and the decoupling of the cos-
mic microwave background (CMB). While our knowledge of
the earliest moments is necessarily uncertain, BBN and the
CMB have a firm position in cosmic chronology. This by it-
self puts many models of particle physics to a stringent test,
as the increasing precision of cosmological data leaves less
and less room for deviations from the minimal scenario of
standard cosmology.

For kinetic mixing kK < 10" the decay of a dark photon to
SM particles becomes of truly macroscopic lifetime, exceed-
ing one second. The energy stored in the relic population of
dark photons is then released during BBN and later, at re-
combination. For BBN, this leads to departures in the nucle-
ar reaction networks that determine the light element abun-
dances of deuterium, helium, and lithium. For the latter, the
anomalous energy deposition leads to an altered recombi-
nation history that can e.g. be detected in the polarization of
the CMB. Detailed calculations then expose a truly remark-
able sensitivity of k ~10°- 10'* for BBN and k ~ 10'¢- 10"
for CMB. The latter corresponds to an electron-dark photon
coupling of effective fine-structure constant a_, = ak® ~ 10-%
- 107381 Such small couplings render these very dark pho-
tons completely undetectable in terrestrial particle physics
experiments, and cosmology remains our last resort to test
such new physics scenarios [5].
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Figure 2: Cosmological constraints from light element abundance
predictions (BBN) and from the measurements of the cosmic mi-
crowave background (CMB) in the “intensity frontier” mass window
1 MeV/c? - 10 GeV/c?; taken from [5]
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