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Discovery prospects with the Dark-photons & Axion-Like particles Interferometer

Javier De Miguel ,1

2,3, . 2 . p 2
23" Juan F. Hernandez-Cabrera, 3 Elvio Hernandez-Suarez,”

3

Enrique J()Ven-Alvarez,z’3 Chiko Otani,1 and J. Alberto Rubifio-Martin>>

On behalf of the DALI Collaboration

"The Institute of Physical and Chemical Research (RIKEN), Center for Advanced Photonics,
519-1399 Aramaki-Aoba, Aoba-ku, Sendai, Miyagi 980-0845, Japan
*Instituto de Astrofisica de Canarias, E-38200 La Laguna, Tenerife, Spain
3Departamento de Astrofisica, Universidad de La Laguna, E-38206 La Laguna, Tenerife, Spain

® (Received 27 March 2023; accepted 9 January 2024; published 7 March 2024; corrected 29 March 2024)

We discuss the discovery potential of the Dark-photons & Axion-Like particles Interferometer in this
paper. The apparatus, currently in a design and prototyping phase, will probe axion dark matter from the
Teide Observatory, an environment protected from terrestrial microwave sources, reaching Dine-Fischler-
Srednicki-Zhitnitsky-like axion sensitivity in the range 25-250 peV of mass. The experimental approach

shows a potential to probe dark sector photons of kinetic mixing strength in excess of several 107'¢ and to
establish new constraints to a stochastic gravitational wave background in its band. We identify different
branches, including cosmology, stellar, and particle physics, where this next-generation halo-telescope may

play a role in coming years.
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I. INTRODUCTION

Nonluminous, “dark” matter is thought to play a role in
galactic dynamics, the halos of spiral galaxies being
benchmark astronomical laboratories [1-3]. In parallel,
the current picture in cosmology suggests that a cosmo-
logical constant, A, and cold dark matter (CDM), enor-
mously influence the evolution of the Universe. A highly
accelerated inflationary expansion during a brief cosmo-
logical time frame, and the cosmic microwave background
(CMB), also shape the ACDM model [4-10]. Large scale
observations, simulations and the anisotropy measured in
the CMB seem agreed in indicating the existence of CDM
to favor the formation of the structures observed in the
contemporary Cosmos [11-23].

The quantum chromodynamics (QCD) axion is a long-
postulated pseudo-scalar boson that arises as a consequence
of the dynamic solution to the charge and parity (CP)
symmetry problem in the strong interaction [24-26].
Furthermore, axion can simultaneously solve the dark
matter enigma in a broad coupling strength to photons,
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Jayy» t0 axion mass, m,, parameter space [27-30].
Moreover, beyond shaping galaxies by forming halos,
the primordial density perturbations from which galaxies
evolved may have been produced by the presence of
temporary axion domain walls in the early Universe [31].
Indeed, approaches have been proposed that simultane-
ously solve the strong CP problem, axion dark matter, and
inflation in an unique model [32-36]. On the other hand,
astronomical observations and simulations have given rise
to the conjecture that dark matter in the nearby Universe is
distributed in the form of substructures [37-43]. Lastly, a
series of anomalous astronomical observations have led to
hypothesize that new physics may play a role in stellar
evolution [44-47].

All of the above encourages the quest for axion dark
matter. The search for dark matter by axion-photon inter-
action is promising. Laboratory experiments have excluded
the sector g, = 1077 GeV~! for m, <1073 eV [48-51].
Helioscopes, partially overlapping stellar hints based on
interactions of the axion to standard particles in the plasma
of stars, exclude g,,, 2 10719 GeV~! for 1072 <m,/eV <

10° [52]. Different astronomical campaigns and simulations
rule out distinct parameter spaces [53—-58]; while cosmology
also restricts the mass of this pseudo-Goldstone boson to
allow the structures observed in the contemporary Universe
to be formed in a CDM picture and, as a result, the search
for axion in the range 107% <m,/eV <1073 is well
motivated [30,59].

Published by the American Physical Society
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The velocity dispersion of Halo dark matter is about
1073¢, with ¢ the speed of light. Therefore, the dynamic
mass and the rest mass of these axions approximately
coincide. The wavelength of the electromagnetic radiation
emitted by axion-to-photon conversion is @ ~ m,. Axion
haloscopes [60] are magnetized detectors that probe
Galactic dark matter via the inverse Primakoff effect [61].
This is the experimental approach to which we will confine
our attention throughout this work; which is also sensitive
to the dark photon via kinetic mixing [62,63], and to high-
frequency gravitational waves, within a faint parameter
space determined by the Planck scale, through photon-
graviton oscillation in an external magnetic field [64—69].

The rest of this paper is structured as follows. In Sec. II
we overview the experimental setup of the DALI
Experiment. Section III is devoted to examine its discovery
potential. Conclusions are drawn in Sec. IV.

II. EXPERIMENTAL APPROACH

The quest for axion at masses below a few dozen
microelectronvolt has been performed by haloscopes for
decades [70-75]. Unfortunately, the search for axion at
“high frequency,” above, say, two dozen microelectronvolt
of mass or, equivalently, about half a dozen gigahertz,
remains poorly explored. In the Sikivie cavity-haloscope
principle, the signal power originating from axion-to-
photon conversion scales as P « g2, B3V C Qrp,/m,—
e.g., [71]. Here, B, is magnetic field strength, V is the
volume, C is the form factor, Q; is the loaded quality
factor, and p, is the local density of axion dark matter,
which saturates at ~1/2 GeVem™ [3]. The resonant
frequency scales inversely on the cavity size, or the distance
between the movable rods used for tuning, in the form
vy ~ ¢/d; d being the diameter or distance. Smaller cavities
provide a smaller detection volume that results in a lower
signal power. Together with hurdles such as misalignment
and sticking of the rods, radiation leakage as a result of
external mechanical tuning, poor rod thermalization, skin
effect, etc., this can degrade the scanning speed at higher
frequencies—e.g., see [76,77]. In contrast, DALI [78-80]
incorporates a multilayer Fabry-Pérot resonator [81]
instead of a closed resonant cavity, or rather than super-
conducting wire planes as proposed by Sikivie [60,82,83].
In a dielectric Fabry-Pérot axion haloscope, the plate area,
A, is decoupled from the resonant frequency, provided its
size is larger than the scanning wavelength to avoid
diffraction, enabling access to heavier axions. A similar
concept is being developed by other collaborations, includ-
ing MADMAX, ADMX-Orpheus, LAMPOST, MuDHI, or
DBAS [84-92].

In the DALI interferometer, constructive interference is
caused by reflection off a top mirror, originating a standing
wave. The resonant frequency is tuned by setting a plate
distance of a fraction of the scanning wavelength, typically

~2/2 with a plate thickness of ~1/(2,/€,) in a half-
wavelength stack. However, the resonance is periodic over
~4y, intervals [93,94]. A one-eighth wavelength configu-
ration allows the plate distance to be shortened by about
four times to probe a desired frequency range. Therefore, a
~2/8 spacing is to be used at lower frequencies in order to
save room inside the magnet bore, while the usual ~1/2
configuration can be employed at higher frequencies—
cf. [79,95,96] for a proof of concept. Furthermore, multiple
axion masses, about four wavelengths distant, could be
probed simultaneously by alternating receivers centered at
different frequencies on the focal plane of the haloscope
without significantly decreasing its performance, in analogy
with CMB experiments to which we have contributed—
e.g., [97-101]. Once implemented, this multifrequency
approach would double the scanning speed of the haloscope
with respect to the numbers that we will adopt throughout
this article. The quality factor, Q, is the signal power
enhancement over a narrow bandwidth centered at a
resonant frequency. The group delay time, 7, is the average
lifetime of a photon within each volume enclosed between
two adjacent reflectors, 7, = —d¢/dw; ¢ being the phase.
The quality factor of a Fabry-Pérot resonator is Q = wr,;
with @ the angular frequency [93]." The Q factor scales
linearly with the number of layers in series [79,102].
A higher electric permittivity, €,, results in a higher Q
and a narrower full width at half maximum of the spectral
feature caused by autocorrelation. The signal originating
from axion-to-photon conversion is weak. The quality factor
necessary to achieve QCD axion sensitivity, Q ~ 10%, is
tenable over a bandwidth of several dozens of megahertz at
frequencies of tens of gigahertz [78,79]. The error budget in
plate spacing is set to a fraction of a few hundredths of the
scanning wavelength by means of electromagnetic finite
elements method simulations with adaptive mesh refine-
ment [103]. In consequence, the experimental range of
DALI extends up to approximately 250 peV axion mass.
Over broad bands, the experiment requires reconfiguration.
This reconfiguration involves replacing receivers every few
gigahertz, mechanical tuner components, and other acces-
sories. Taking into account a scan speed of a few GHz per
year, this reconfiguration is planned every several years as a
part of a scientific program that would extend over more
than a decade. The DALI concept is shown in Fig. 1, and
detailed in depth in [78].

In DALI, the signal power induced by axion scales as
P « gz,,B§ A Op,/m;. A highly sensitive DALI instrument
requires to maximize the cross sectional area of detection,
A, via a large magnet bore; the power enhancement
factor, Q, and, crucially, the external field strength,
By, by incorporating a potent superconducting magnet.

'"The power boost factor as defined by MADMAX and the
quantum optics definition of the quality factor are equivalent in a
transparent mode.
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FIG. 1. DALI concept. The experiment cryostat, cylindrical
shape, is housed within the warm bore of a solenoid superconduct-
ing magnet and employs an independent *He cooling system which
provides a subkelvin background temperature. The ceramic layers,
in yellow, consist of a grid of wafers of a good dielectric material,
e.g., zirconia (ZrQO,). Zirconia is a robust ceramic distributed in a
range of thicknesses that has a high dielectric constant, up to
g, = 40, and a low loss tangent, of the order of tand ~ 10~ at
O(10) GHz frequencies [96,104]. A polished mirror is attached at
the bottom to envelop the Fabry-Pérot interferometer. The signal
enhancement over a narrow bandwidth centered at a resonant
frequency is the quality factor, Q. The microwave signal, origi-
nating at an axion-photon-photon vertex, is received by an antenna
array, in black. This array of receivers is housed inside the same
experiment cryostat with the field lines aligned with the high
electron mobility transistors to cancel spurious effects [105-107].
The data acquired from different channels are postprocessed
and combined using techniques similar to radio interferometry
that we have developed over decades of CMB observations—e.g.,
[97-100]. This tool allows for calibration, correction of phase
mismatch and compensate for differences between pixels, etc., with
a negligible error [108,109]. This setup allows for a larger cross
sectional area inside a regular solenoid-type magnet. The apparatus
rests on an altazimuth mount, in white on the left, to provide the
instrument with additional directional sensitivity. The overall
dimensions are a few meters in length and about one meter in
diameter. Some components have been removed for simplicity.

Niobium-titanium, NbTi, superconductor does not provide
magnetic field flux densities above 9-10 T when cooled
down to a physical temperature of 4.2 K. However, using
more powerful, and demanding, cryogenic systems, NbTi
can be cooled down to 2 K, which makes field strengths of
up to about 11.7 T frequent [110-112]. Therefore, regular
multicoil magnets and solenoids present field strengths of
9.4 or 11.7 T with a warm bore of about 50-90 c¢cm, from a
few to several meters in length, and a field homogeneity of
several dozens parts per million over a few centimeters
diameter of spherical volume. In occasions, niobium-tin,
NbsSn, is used to provide field strengths beyond 11.7 T,
with an upper limit of approximately 23.5 T. However, this
superconductor material is, roughly, one order of magni-
tude more costly than NbTi and, therefore, its use is less
widespread. Finally, high-temperature superconductors
have been proposed to reach magnetic fields in excess

of 23.5 T, although they are still at an early stage of
development, while hybrid magnets that far surpass the
state of the art are also maturing. Solenoids and multicoil
superconducting magnets are employed magnetic reso-
nance imaging (MRI), industry, and research [110-112].
DALI is designed to employ a regular MRI-type magnet
with a high field stability and ultra high homogeneity, at the
level of < 1% inhomogeneity over a 100 mm diameter
sphere, thereby ensuring a constant field density in the
volume destined to enclose the instrument; which can
operate in multiple positions. An initial, cost-effective
phase using a NbTi superconducting magnet operating at
~4 K to provide a ~9 T field is planned for the DALI
Experiment, which we will refer to as “phase I.” A second
phase, with a higher scan speed, is an upgrade to ~11.7 T
using a larger magnet working at ~2 K. In both phases of
the project only currently available technology is to be used
as part of a strategy to contribute an experiment with
feasibility and readiness. Note, the phase I configuration
would also allow the search for DFSZ I axions up to
~250 peV, although this would multiply by a factor of
about 20 the time required to probe a band at a given
confidence level.

III. DISCOVERY POTENTIAL

In this section we look at the potential of DALI to unveil
new physics.

A. CP symmetry and axion dark matter

The QCD Lagrangian density includes an angular term,
which reads

1 -
ﬁg = WHGZVGZV’ (1)
where the gluon field strength is Gy, and GZ,, its dual. We
express natural units throughout this letter, except where
indicated explicitly. In the most natural explanation to date,
CP symmetry in preserved in QCD since the € term in
Eq. (1), which allows for symmetry violation, is promoted
to a field with a Mexican hat potential that evolves towards
a minimum as time advances in an early Universe [24].
Oscillations give rise to particles, which have been termed
“axion” [25,26]. The nonobservation of a neutron electric
dipole moment by modern experiments suggest that 0 is
negligibly small and, consequently, CP symmetry would
be preserved, in practice, at present [113,114]. Axion
interacts weakly with Standard Model particles. The
axion-photon interaction term is

. 1
i

4ganyﬂyF”yav (2)

with F* as the photon field strength tensor and a as the
axion field. From a classic approach, Eq. (2) simplifies to
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ﬁ;“; = gayyE - Ba; E being the photon field and B a static
magnetic field that contributes a virtual photon that enables
the Primakoff effect at an axion-photon-photon vertex,
a~+Yvin <7 [61]

The coupling rate of the QCD axion contains a factor
derived from the ratio of electromagnetic and color
anomalies, £/C, which reads c,,, = 1.92(4) — £/C, with
Cayy = — 5= Yayy S a» @ being the fine structure constant and f,
the axion field scale—giving the digit in parentheses
accounts for the wuncertainty. In the Kim-Shifman-
Vainshtein-Zakharov (KSVZ) model, £/C =0 and C =1
are adopted [115,116]. In contrast, the Dine-Fischler-
Srednicki-Zhitnitsky (DFSZ) axion adopts £/C equal
8/3—the so-called DFSZ I—or 2/3—DFSZ Il—and C
equal to 6 or 3 [117,118]. Differently from QCD axion
models, for the so-called axionlike particles (ALPs), which
arise in extensions of the Standard Model of particle physics,
coupling to photons and mass are uncoupled, resulting in a
larger parameter space to be explored [119,120].

The core objective of DALI is to detect Galactic axion
dark matter. The haloscope is sensitive to axionlike particles
with a coupling strength to photons of [78]

12
_Jarr 2.7 x 10713 x (%) /

GeV!1 "™
(m2> 1/2 (ma >5/4 <1 s)1/4
X | — X | —= X [ —
A peV t
» (Tsys) 1/2 % I_T % (GCV cm3> 1/2’ (3)
K B 0 Pa
where SNR is signal to noise ratio, Q is the quality factor, A
is cross sectional area, ¢ is integration time, TSys is the system
temperature, B, is magnetic field strength, and p, is the
density of axion dark matter.

In the light of the sensitivity projections in Fig. 2, DALI
has a potential to probe DFSZ I-type axion models between
25-50 pueV within approximately four years in the initial
phase of the experiment. During phase II, sensitivity will be
increased allowing DALI to search for DFSZ I axion in the
50-180 peV over a period of about ten years.

We recompute the sensitivity of the DALI haloscope by

means of Monte Carlo simulations in the Supplemental
Material accompanying this manuscript [96].

B. Other purposes of the DALI project

The detection or parametric constriction of the axion can
shed light on a number of problems in physics that are
reviewed in the following paragraphs.

1. Examining cosmology
in a postinflationary Universe

The color anomaly is referred to as “domain wall
number,” N < C, in cosmology. The moment in the history

frequency /GHz

10710

1071

10712

1013

10—14

10—15

coupling strength to photons /GeV~!

axion mass /ueV

FIG. 2. A forecast of the sensitivity of DALI Experiment to
Galactic axion dark matter projected onto current exclusion limits
that are differentiated by color [44-58,70-75,77,121-130]. The
magnetic field is 9.4 or 11.7 T for phase I, in purple, and phase II,
in blue, respectively. The cross sectional plate area is 1/2 or
3/2 m?, and about four dozen layers are stacked in series to
provide a high quality factor—cf. [96] for details. The system
temperature is determined by a subkelvin background temper-
ature provided by *He coolers plus an offset contributed by the
limit of heat dissipation in the electronics, roughly 2-3 times
over the quantum noise limit, in order to be consistent with the
frequency-dependent noise figure in high-electron-mobility
transistor technology with a physical temperature at the level
of one kelvin [131,132]. This causes a slope with respect to the
QCD axion model lines that is partially compensated by a
frequency-dependent quality factor. The instantaneous scanning
bandwidth is between several dozens to a few hundred mega-
hertz; while the axion-induced signal linewidth is Av/v=
5% 1077. The KSVZ and DFSZ axion models are projected
over the entire experimental range, 25-250 peV. The QCD axion
window is shaded in yellow [133]. The region in white is
compatible with ALPs.

of the early Universe in which the axion angular field, 6,
acquires propagating degrees of freedom is called the
“phase transition.” In an scenario in which the phase
transition takes place before inflation, axion strings,
domain walls, emerging if A" > 1, and their remnants,
will be cleaned out by the expansion. If symmetry breaking
originates after inflation, then domain walls would invoke
catastrophic topological objects [59,134,135]. For axion
models that adopt A" = 1, such as the KSVZ model, these
topological defects are naturally avoided. In a postinfla-
tionary scenario, models with N > 1, including the DFSZ
axion, must circumvent those dramatic topologicals by
alternative mechanisms [136-141].

Information can be extracted from this picture. The
axion mass in a postinflationary scenario is often restricted
to the range 25 peV <m, <1 meV—cf. [30,59,142].
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Recent studies even constrain this range further, to
40 <m,/peV <180, to which DALI will pay special
attention [143].

It is equally appealing that DALI will simultaneously
explore the axion mass range constrained by models
that unify the strong CP problem, dark matter, usually
adopting a KSVZ-type axion, and cosmic inflation,
simultaneously solving other problems of modern phys-
ics. This band is 50 < m,/peV <200 in order to be
compatible with observational data and the ACDM
cosmology [32-36].

2. Astrophysical bounds
of axion dark matter

The confrontation of stellar evolution models, modified
to account for the additional energy loss rate that axion
scattering would cause, with observational data, allows to
set limits to the coupling constants of the pseudoscalar
with ordinary particles. Axionlike particles coupling to
both photons and fermions could simultaneously explain
both the observed extra cooling in horizontal branch
stars, which is compatible with the Primakoff effect, and
the abnormally accelerated evolution of red giant branch
stars that may originate from axion coupling to electrons in
several radiative processes such as atomic axiorecombina-
tion or deexcitaction, axion bremsstrahlung and Comp-
ton scattering. This could also explain additional cooling in
white dwarfs through axion-induced losses due to brems-
strahlung; all in concordance with the discrepancy of the
neutrino flux duration from supernova (SN) SNI1987A
compared to simulations, and some intriguing observations
of the neutron star in the SN remnant Cassiopeia A
that disclose an abnormally fast cooling rate compatible
with axion-neutron bremsstrahlung [46,144—155]. This
fosters the exploration of the corresponding mass range
with DFSZ axion sensitivity. DALI has a potential to
probe these astrobounds, whose most restrictive limits in
its band to date, resulting from observations of globular
clusters, are projected onto Fig. 2 [46,147], with DFSZ 1
sensitivity.

3. Dark sector photons

Dark photon, also referred to as hidden photon or
paraphoton, is a hypothetical gauge boson that mixes
kinetically with ordinary photons [62,63]. The interaction
term relevant for this work reads

. 1 -
L8 = =5 ks, )

where we denote by X the field strength tensor of the dark
photon field; y being the dimensionless kinetic mixing
strength.

frequency /GHz
6 10 60
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FIG. 3. Projection of the sensitivity of DALI to dark sector

photon dark matter with overlapping boundaries published at the
time of writing [157-167]. Sensitivity enhancement in a fixed
polarization scenario owing to an unrestricted directionality, as
suggested in [168], is not rescaled in this plot.

The sensitivity of DALI to Galactic paraphotons is

1/2 2\ 1/2 1/4
X >290x 10_14 X Sl\I—R / X m_ X ﬂ /
~ 0 A Hz

1/4 T\ 1/2 -3\ 1/2 )
() () e ()

t K Py a
(5)

a = +/2/3 representing random incidence angle of the
dark photon [156]. Figure 3 shows a forecast of DALI
sensitivity considering that hidden photons make up a large
part of the Galactic dark matter.

4. Exploration of a dark universe

Different patches, causally disconnected as a result of a
scenario at which the phase transition takes place after
cosmic inflation, could favor the formation of substruc-
tures of axion dark matter [169]. If a substructure were
to traverse our planet, it would induce a measurable
imprint on the electromagnetic spectrum. Substructures
have been shown to approach the Solar System by
analyzing survey data, with an event rate that may not
be insignificant [170-172]. The daily signal modulation
can be expressed in terms of ¢g, ¢y, and ¢, in the form
co + ¢ cos(27t/0.997 + ¢), t being the time measured in
days from January 1st, and
) o vl

Ibo cos ﬂlabl —Ibl sin ﬂlablcos(wdf + ¢ + ), (6a)
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FIG. 4. Significance of the signal modulation, S®¢, for a collision with a substructure compared to a zenith, north or west pointing

experiment, SZN-W

. The inclination angle, d, is measured from the zenith direction in lab coordinates, and ¢ is the azimuth angle of its

orthogonal projection on a north-west plane measured from the north fixed reference. The optimal pointing varies with lab coordinates,
and smoothly over time. This simulation is independent from the axion model and mass and the characteristic properties of the axion

flow—density, velocity, and dispersion, etc.

c

I-=

(/)W
by cos(wyt + P, +w — 1), (6b)

z z
o 4 *”

Ibo sin /habl—klbl cos /llablcos(a)dt + ¢y ), (6¢)

where by =03|Vigy = Vol ™', by = (07 +63)2|Vigy = V|7,
w=tan"!(0,/06,) —0.721w,—/2; o, =(-0.055,0.494,
—-0.868)- 7T, = (—0.873,-0.445,-0.198) - T, o3 =
(—0.484,0.747,0.456) - Y, with T =Vg+ g cos(zy) x
(0.994,0.109,0.003) + vg, sin(z,)(—0.052,0.494,-0.868),
7, = 2x(t —79)/365 [78,171].

In the particular case of the axion, which has no
polarization, the directionality originates along the dimen-
sions in which the detector has a fraction of at least 1/5 of
the de Broglie wavelength [171]. DALI incorporates an
altazimuth mount which enhances its sensitivity to dark
matter flows. This is particularly interesting as DALI is
envisioned to probe the postinflationary axion, in a scenario
at which topological defects may give rise to substructures.
The simulation of an event is shown in Fig. 4. Interestingly,
the search for Halo axions and substructures can be
performed simultaneously, analyzing the data in parallel.
Detection of this trace would support the hypothesis of
substructures navigating in a “dark universe” [37-43].

C. Peripheral objectives of the project

1. Probing axion quark nuggets

It has been suggested that the phase transition could
concentrate most of the quark excess in the form of
invisible quark nuggets, thereby explaining dark matter
in the QCD framework [173]. This could give raise to the
observed density ratio between non-luminous and visible
matter, Qq,/Qyisible ~ 1. This hypothesis has been trans-
ferred to axion [174-179]. Axion quark nuggets (AQNs)
are dense relic specks that could arise regardless of the
initial misalignment angle or axion mass in a N =1
scenario. The sensitivity of a DALI-like device to axions

released by AQNs is read
I > 5 1% 107 x SNR « (M)
GeV-1 7™ A
m, \3/4 1 S 1/4 Toys
X | —= X | —
peV t K
eVem=3\ 1/2 v\ /2 ;
() () o

A scaled-down parasitic detector with the same concept as
DALI can be devoted to the exploration of the axion flux
induced by AQNSs on Earth. Such an array of n independent
pixels would have a smaller plate scale, s, of the order of a
dozen centimeters, in order to maintain de Broglie coherence.
This would give the prototype access to relativistic axions of
up to, roughly, 100 peV of mass [78]; with a cutoff close to
¢ /5—mnote that the spectral density function of AQN-induced
axions peaks at about ¢/2. From [177,178], it follows
that the fluence of semirelativistic axions on Earth originat-
ing from collisions with those macroscopic specs is
M~ 10 ¢

v <c/5
pancy of aboutpv e /5 ~10? eV cm™3. That s several orders

of magnitude less concentrated than the saturation density of
dark matter at the position of the Solar System, about
fewx 10 eV cm~. However, recent work has pointed out
that a gravitationally focused stream of AQNSs could tran-
siently increase the occurrence of annihilation events by a
factor of up to 10° [180]. Notwithstanding that the semi-
relativistic velocities of those axions, v, < c¢/5, would
decrease the signal boost factor [181], a partially resonant,
not purely transparent, harmonically hybrid mode could take
advantage of the larger momentum transmitted by the rapid
axions, allowing to maintain, or perhaps increase, the
enhancement factor, Q(v,), with respect to the low-velocity
limit. In addition, signal modulation caused by celestial
mechanics, and the so-called local flashes, bursts resulting
from the interaction of AQNs with the Earth in the vicinity of
a detector, could result in an amplification parameter with

m~2s~!(eV/m,), which results in an occu-
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magnitude 10>~* during a short period of time with a non-
negligible event rate [177,178]. The sensitivity is multiplied
by [(v,/c)?/1076]'/* on the right-hand side of Eq. (7) to give
account of the broadening and subsequent dilution of the
signal in frequency domain caused by the semirelativistic
velocity of the AQN-induced axions compared to that of
virialized particles. However, the above aspects, separately or
together, may give the instrument access to the KSVZ axion
window.

Equation (7) can be transferred to any exotic source of
semirelativistic axion astroparticles. One example could be
the axion-compatible explanation for the intriguing
Antarctic Impulse Transient Antenna events [182-184].

2. Constraints on the diffuse
gravitational wave background

Graviton, the gravitational wave (GW) counterpart
in the form of a long-postulated elementary particle, mix
with photons in the presence of static magnetic fields
[66,185,186]. The Lagrangian density of the interaction is

Lt — —%K‘hw B# B, (8)
where the gravitational coupling is k* = 16zmp?, with
mp; ~ 10! GeV the Planck mass; h,, denotes the graviton,
B# is the external magnetic field, and B* the electromag-
netic wave [187].

Irreducible emission from the time evolution of the
momentum-energy tensor and cosmic string decay, the
coalescence of primordial black hole binaries and
the evaporation of low-mass primordial black holes, branes
oscillation, or those of astrophysical origin, such as solar
thermal gravitational waves, supernova collapse, rotating
neutron stars, binary systems, etc., contribute to shape a
diffuse gravitational wave background (GWB) [188-193].

In the spirit of [189], we now introduce the dimension-
less characteristic amplitude 4, = (6Qgw)"/>Hyw™"; with
Qgw(w) as the spectral density function of a stochastic
GWB, H|, as the Hubble parameter, and w as the pulse of
the wave. Primordial gravitational waves contribute to the
density of species during nucleosynthesis as massless
neutrinos, which results in a higher freezing temperature
at which expansion breaks the pe <> nv, equilibrium.
This affects the baryon to photon ratio and constraints
h, <4.5x 1072 Hz/ .

Unfortunately, the cross section of the photon-graviton
oscillation in a magnetic field is weighted by mp?.
Therefore, the direct detection of the high-frequency
GWB through this approach cannot be tackled with current
technology. In any case, some experiments have used the
weak coupling of the graviton to ordinary particles to set
bounds to the amplitude of the GWB at shorter wave-
lengths. Interferometers have established 4, > 107!8 at
1 MHz, h. > 107" at 13 MHz and h, > 10710 — 10712

Ju
o
|
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1
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graviton—magnon'

2 e
10 DALI phase I"—————ﬁL—I—p&S—e—H_ _____

characteristic amplitude

10732 e eiiiii, nucleosynthesis
——T T T B
6 10 60
frequency /GHz
FIG. 5. Accessible characteristic amplitude of a high-frequency

stochastic and isotropic gravitational wave background. Results
overlapping the experimental range, from [198], are plotted in red.

at 100 MHz [194-197]; while the graviton-magnon reso-
nance detector in [198] establishes 4, > 10~1 at around
8 GHz and h, > 107! at 14 GHz. The analysis carried out
in [193] using data from light-shining-through-walls
experiments in [199,200], and helioscopes [52], establishes
the upper bounds /. > 1072° and A, = 1072 at 10'415 Hz,
and A, = 10?7 at approximately 10'® Hz

DALI may set the most restrictive experimental con-
straints to the amplitude of the high-frequency GWB in its
band via graviton-to-photon conversion in its magnetized
vessel. Following the approach in [193,201], it is possible
to infer the minimum amplitude of a stochastic GWB that
can be measured by the experiment

1/2 2\ 1/2 1/2
h,>9.2x 10712 x SR x (2 X Hz
0 A v

Ls\I/4  (HZ\V4 (Ty\Y2 1T 1m
X | — X | — X X—X—,
t Av K 0 L
9)

where L is the length of flight. A sensitivity projection is
shown in Fig. 5.

IV. CONCLUSIONS

The physics potential of DALI is summarized in
Table I. By ramping the magnet on/off it would be
possible to differentiate between axionlike and dark
photon dark matter. On the other hand, the contribution
of nucleosynthesis to an isotropic and stochastic gravi-
tational wave background would manifest itself as a
signal that cannot be detuned in small frequency steps.
The collision with dark matter substructures would give
raise to a peculiar modulation and a shortened signal
duration. The spectral feature originated by AQN-induced
axions may also have characteristics that would allow it to
be discriminated.
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TABLE 1. Discovery potential of DALI. Recap of the core and peripheral project goals discussed throughout this paper. Axion
detection refers to the first third, dark photon physics to the second inset, upper limits to a gravitational wave background follow the last
horizontal line. The sensitivity is expressed in terms of g,,, by means of a reference axion model, KSVZ or DFSZ; the kinetic mixing
constant, y, for the paraphoton or the characteristic amplitude of a stochastic gravitational wave background, ., for the graviton. The
potential impacts of this research are noted.

Branch and purpose Band Sensitivity Impact

CP symmetry 25-250 peV DFSZ 1 Strong CP problem in quantum chromodynamics washed”

Galactic axionlike dark matter 25-250 peV DFSZ 1 Direct detection of dark matter; physics realignmentb

ACDM cosmology (inflation) 40-180 peV DFSZ 1 Heavier axion sustains cosmic inflation®

SMASH-type cosmology 50-200 peV >KSvZ Standard model axion seesaw Higgs portal inflation (SMASH) test’
Dark universe (substructures) 25-250 peV DFSZ 1 Dark matter agglomerates anisotropically in macroscopic structures®
Stellar evolution (cooling rate) 25-250 peV DFSZ 1 Fine-tuning of star model (HB, RGB, WDs, ...)f

Axion quark nugget hypothesis 25-80 peV KSvz Dark matter detection; domain wall number set N = 12

Dark photon dark matter 25-250 eV y=5x 10716 Dark matter detection; Standard Model of particle physics extends”
Gravitational wave background 6-60 GHz h, 2 10722 Bounds to big bang nucleosynthesis by a direct detection method'

*Quantum chromodynamics solution to the so-called strong CP problem; a new pseudoscalar added after the Higgs boson [202-204].

If ALPs are found, then a significant part of dark matter, cosmology, and halo modeling, among other issues, may undergo
fine adjustment.

“Observation of axion of mass heavier than several dozens of microelectronvolts would support a postinflationary scenario.

9The SMASH window may add three right-handed neutrinos, one Dirac fermion, a new complex singlet scalar [34].

‘Detection of a daily signal modulation can involve large substructures, affecting cosmology, large-scale structure, clusters,
galaxies, etc.

fConfirmation of axion would allow fine-tuning of helium consumption rates; and conversely [46,147].

£AQNs set domain wall number, suggests on decay of topologicals, solar ultraviolet radiation excess, “primordial lithium puzzle” [178].

F'If this alternative candidate for dark matter is detected, a dark sector would be added to the Standard Model of particle physics.

‘More incisive experimental limits to the stochastic gravitational wave background provide useful information about the early Universe.
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