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ABSTRACT

IN SEARCH OF THE AXION PARTICLE WITH RF
CAVITIES IN CAST EXPERIMENT AT CERN

Axion is a pseudo scalar boson that is predicted to solve the strong CP problem
and therefore cast light upon curious CP invariance of the strong nuclear interactions.
It is also a promising candidate to be the building block of the dark matter. CAST was
invented more than 20 years ago as an axion helioscope, searching for high energy solar
axions and it has exceeded the expectations throughout its operation. In a published
article in 2017, CAST has declared a new research program to explore galactic halo

(dark matter) axions.

CAST-CAPP detector searches for dark matter axions using four microwave cav-
ities that operate in 4.7-5.4 GHz band corresponding to ~19-22 peV axion mass. It
has started operation in 2019, after several years of design, installations and tests.
CAST-CAPP is unique in a sense that it utilizes multiple portable rectangular cavities
that can be phase-matched in order to amplify the axion signal. In 2 data taking runs,
preliminary results indicate that CAST-CAPP has pushed the limits of axion search

by exploring new regions in the parameter space.
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OZET

CERN’'DEKI CAST DENEYINDE RF KAVITELER ILE
AXION PARCACIGI ARASTIRMALARI

Axion, giiclii yiik-parite sorununu ¢ozerek giiclii ¢ekirdek kuvvetinin neden yiik-
parite simetrisine aykiri davranmadigi sorusuna 1gik tutmak igin ortaya atilan bir
psodoskalar bozondur. Axion ayrica karanlik maddenin yapitasi olabilecek bir pargacik
adayidir. CERN axion giines teleskopu (CAST), 20 yildan uzun bir siire 6nce giinesten
gelebilecek yiiksek enerjili axionlar: algilamak igin kuruldu ve isleyisi boyunca beklenti-
lerin tizerinde bir bagar1 gosterdi. 2017 yilinda yaymlanan bir makalesinde CAST gele-
cek yillar i¢in belirledigi arastirma programinin odaginda karanlik maddeyi olusturdugu

diistiniilen gokada halesi axionlarini aramak olacagini bildirdi.

CAST-CAPP, dort mikrodalga kovuk ile ~19-22 peV axion kiitlesine denk gelen
4.7-5.4 GHz bandinda karanlik madde olmaya aday axion parcaciklarini aragtiran bir
algictir. Birkac yil stiren tasarim, kurulum ve deneme sonucu 2019 yilinda ¢aligmaya
baglayan CAST-CAPP, birden ¢ok dikdortgen prizma sekilli, tagimabilir mikrodalga
kovugu faz esleme yontemiyle igleterek axion sinyalini ytikseltme potansiyeli ile 6zgiin
bir deneydir. Iki veri alim dénemi sonucunda elde edilen onciil sonuclar, CAST-
CAPP’in mevcut axion arastirmasi sinirlarini genisleterek, axion parametre uzayinda

yeni alanlar1 kegfettigini gostermektedir.
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1. INTRODUCTION

Standard model of particle physics is made possible by the understanding of the
building blocks of our universe lead by many discoveries in the last ~150 years. Each
new discovery, the latest one was that of Higgs particle at CERN, has filled a gap in
this puzzle, strengthening our picture of nature. Still, there are more gaps to fill to
improve our depiction of reality. Strong charge-parity (CP) problem stands out to be
one of the most prominent issues in particle physics that arose in the last century. The
problem is, strong force has proven to conserve CP symmetry in all experiments while
theoretical models (QCD) allow for CP violation in strong interactions. Peccei-Quinn
mechanism, a widely acknowledged explanation to the problem, requires the existence
of pseudoscalar boson. Named after a detergent brand, axion is expected to clean a

big mess in particle physics.

Even more profound than the strong CP problem, a big issue of the science
is explaining why there seems to be much more matter in galaxies than observed.
Observations indicate a discrepancy between the orbital motion of the stars around
the galaxy center and Newtonian mechanics (or equivalently the general theory of
relativity) which they should obey. [5] Rotation speeds of the stars away from the
galaxy center are observed to be more or less constant, independent of the distance from
the galaxy center while Kepler’s laws require a significant decline. The most straight
forward solution is the presence of matter in galaxies in an invisible form. Because of
its obscurity, this extra matter is called dark matter. While the dark matter theory is
also supported by the observations of gravitational lensing [6], galactic rotation curve
data [7] indicates the dark matter that should be present in order to account for the
observations constitutes ~ 27% of the universe, outweighing the normal, luminous

matter (~ 5% of the universe) by a factor of 5, roughly.



Dark matter is also searched at microscopic level. Various theoretical models
suggest that dark matter might be made up of weakly interacting massive particles
(WIMPs). Promising experiments such as XENONIT study nuclear recoils of liquid
xenon to detect an interaction involving WIMPs [8] Experiments in the Large Hadron
Collider (LHC) at CERN also look out for missing energy and momentum after colli-

sions that might escape the detectors in the form of dark matter particles.

Axion is also a dark matter candidate due to its weakly interacting nature and the
possibility of mass production during the big bang. Therefore, it may be possible to hit
two birds with one stone, if axion is discovered. Axion haloscopes, the most promising
axion dark matter experiments such as ADMX [9], IBS/CAPP [10], utilize microwave
cavities to search for axion of mass in ueV scale. These experiments operate at ultra-
high magnetic fields in order to convert axions to photons through the inverse Primakoff
effect [11]. Then, axion converted photons are expected to resonate in cavities creating

an electrical signal.

Light shining through a wall (LSW) experiments also use Primakoff effect for
axion detection. Moreover, LSW experiments also aim to create axion in laboratory
using a powerful laser beam in magnetic field where laser photons are expected to
convert to axions. Then, the laser beam hits a wall where photons are blocked but
axions can easily pass through it and be detected on the other side by a microwave
cavity. LSW techniques is also used for the detection of a wider family of particles
called weakly interacting slim particles (WISPs) including axion, hidden sector photons

ete. [12]

CERN Axion Solar Telescope (CAST) is built as an axion helioscope that search-
ing for high energy solar axions with actively tracking the sun during dawn and sunset,
when the sun is close to horizon. As of 2018, CAST has become also an axion halo-
scope, searching for dark mater halo axions with 2 independent cavity experiments:
RADES [13] and CAST-CAPP. CAST-CAPP uses 4 cavities designed, constructed,
and installed on CAST in cooperation with IBS/CAPP at South Korea. Figure 1.1
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Figure 1.1. Axion-photon coupling exclusion limit. [1]

shows he exclusion plot of axion-photon coupling as of 2017. [1] Apparently, CAST has
spanned the broadest range in axion photon coupling vs mass parameter space as an
axion helioscope. Still, axion haloscopes are evidently the strongest tools to scan low

mass (dark matter candidate) axion with KSVZ sensitivity.

1.1. CERN Axion Solar Telescope (CAST)

CAST consists of 10 meters long, decommissioned LHC dipole magnet with 43
mm diameter twin magnet bores which can apply 9 T transverse magnetic field (see
Figure 1.3). Object of CAST is to detect axions and weakly interacting particles
that can contribute to the understanding of quantum chromodynamics (QCD) and
provide an explanation to the dark matter and dark energy phenomena. The CAST
magnet is utilized as axion-to-photon converter through (inverse) Primakoff effect, the
phenomenon that is also responsible for axion production in the sun. [14] To align

the beam pipe with the sun, CAST magnet is installed on a tracking table that can



rotate +8° vertically and £40° horizontally. Thus, CAST can track the sun for 1.5
hour for each sunrise and sunset (3 hours a day). These limitations are required by the
cryogenic system supporting superconductivity of the magnet at 1.8 K. Non-tracking

time is mainly devoted to background measurements. [15]

Axion experiments explore m, — g.y, parameter space which is partially explored
by scanning over a wide range of axion mass. Still, none of these experiments have
the facilities to scan the whole range with high sensitivity. CAST stands out among
its counterparts with its LHC dipole magnet and the various detectors mounted on it

which allow scanning of a wider axion mass range with high sensitivity.

An X-ray telescope (XRT) employs a focusing mirror system to focus photons,
converted via Primakoff effect, on a detector. (See Figure 1.4) Detectors are conven-
tionally installed on one of the two ends of the dipole magnet (Figure 1.3). CAST
uses several detectors to search for photons resulting from axion-to-photon conversion
such as the micro-mesh gaseous structure (Micromegas) detector [16], integrated grid
(InGRID) detector [17], silicon drift detector (SDD). [18] Using these techniques, re-
searchers at CAST have been determining the precise bounds for the axion-to-photon
coupling constant g, for a given axion mass m,. CAST reported the most advanced

exclusion limit on the axion-photon coupling to be 0.66 x 107°GeV 1. [1]

Figure 1.2. CERN Axion Solar Telescope (CAST).
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Figure 1.3. CAST layout. [2]

Coherence is an important factor that affects the sensitivity of the experiment.
To avoid destructive axion-photon interference, length L of the magnet should obey

the inequality in Equation 1.1. [14]

2nwh?
where, w is the angular frequency of the photon. For I = 10 m, the coherence condition
turns out to be m, < 0.02 eV. Studying higher mass ranges requires filling the beam
pipe with gas. This gives photons an effective mass and coherence is restored once the

axion and photon masses match. Gas pressure can be adjusted to detect axions with

higher masses. [15]

To scan a wide spectrum of axion masses, CAST has been operated with cold
bores at vacuum (m, < 0.02 eV) or filled with “He (m, < 0.39 ¢V) and *He (m, < 1.18
eV). CAST has become the first axion helioscope experiment that reached the KSVZ
axion line where KSVZ is an axion model that predicts the presence axion particles as

a result of spontaneously broken Peccei-Quinn symmetry. [19] [20]
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Figure 1.4. Schematic of CAST as an axion helioscope. [1]

In addition to axions, CAST also searches for other exotic particles of cosmo-
logical interest such as chameleons which may account for the dark energy problem
(accelerating expansion of the universe). Their detection at CAST is supported by two
channels. First, chameleons can be converted to photons through Primakoff process.
Second, chameleons can directly interact with matter and their radiation pressure can
be measured opto-mechanically. A kinetic weakly interacting sub-eV particle (KWISP)
detector utilizes the latter channel in which XRT focuses chameleon beams on thin (50
nm) Si3N4 membrane which in positioned at the node of the standing wave inside
Fabry-Perot cavity. A laser beam is frequency locked to the cavity. Any displacement
of the membrane causes cavity mode frequencies to shift making the instrument capable

of sensing tiny forces (on the order of 107'* N) on the membrane. [21]

1.2. CAST-CAPP

Potential capabilities of CAST have been improved year by year as different
detection mechanisms were employed. Apex of all these developments is the installation
of resonant cavities into the cold magnet bores of CAST through a transfer of equipment
and know-how from the Center for Axion and Precision Physics Research (CAPP)
of Institute for Basic Science (IBS) of the Korea Advanced Institute of Science and

Technology (KAIST). This axion dark matter detector project is called CAST-CAPP.

Resonant cavities are operated to detect the electromagnetic signal in resonance
with the axion field in the presence of a high magnetic field. This development is

a milestone for CAST as it becomes the first axion experiment to search for both



solar (helioscope) and galactic halo (haloscope) axions. Haloscope technique is used by
several experiments such as the Axion Dark Matter eXperiment (ADMX) and CAPP
for axion search where photons converted from axions through Primakoff effect resonate

in these cavities and generate power as given in Equation 1.2. [9] [10]

P~ g2 B*Vp,CQm," (1.2)

where B is the magnetic field, V' is the cavity volume, p, is the local axion density, C is
the geometry factor of cavity mode, () is the quality factor of the cavity resonance mode
(the ratio of the cavity stored energy to its losses of power) and m, is axion mass. Given
the common average experimental parameters P is expected to be of order 10722W
requiring a very sensitive instruments for detection. These cavities can be tuned to
different resonance frequencies by electronically moving a rod inside the cavity. The
resonance frequency that the cavity is tuned to determine the axion mass range to
which the cavity is sensitive. That is, resonant frequency of a cavity f ~ myc?/h
boosts the generated power for corresponding axion mass, m,. In 2015, CAST started
a collaboration with CAPP to implement microwave cavities in the CAST magnet in

search of axions around m, ~ 20 ueV. [4]

Rectangular cavities, a novel geometry in axion physics, will enable CAST-CAPP
to examine unexplored fields on the m, — g4y, parameter space. Owing to its ~9 T,
~9 m magnet bores (although we have not yet filled the whole space in the CAST
magnet with CAST-CAPP cavities), CAST-CAPP can exploit high B*V leading to a
relatively better power output (Equation 1.2). Currently, CAST-CAPP is able to scan
for axion signals in ~ 20 — 30 eV mass range. In Section 4.8, we discuss how we can
expand this region as well as how to enhance our sensitivity in the whole axion mass

range of interest to CAST-CAPP.



2. AXION THEORY

2.1. Strong CP Problem

CP is the combination of two symmetries of the nature: Charge conjugation
symmetry (C) and Parity (P). C transforms all the particles in a system to their
antiparticles. That is, C inverts the sign of electric charge and other internal quantum
numbers (lepton and baryon numbers, strangeness etc.) of a particle while leaving spin,
mass, momentum and energy untouched. P transformation flips the signs of all three

spatial coordinates.

Gravity, electromagnetism, and the strong nuclear force are symmetric under
both C and P transformations. That is, physics laws are invariant when a particle is
exchanged with its antiparticle or the coordinates are transformed from a right-hand
to left-hand system, or vice versa. In contrast, both C and P symmetries are broken
by the weak force. In 1957, the studies of 3 decay of Cobalt-60 and meson decays
to electron and muon revealed that neutrinos produced by weak interaction are left-
handed, that is, the spin of neutrino is in the opposite direction of its velocity, whereas
an antineutrino is right-handed. [22] This indicates the P symmetry is broken for the
weak force. Moreover, since the chirality is inverted in particle-antiparticle interchange,
C symmetry is also broken. Still, it seemed then CP is conserved for the weak force
because when a neutrino (left-handed) is transformed by both C and P, it becomes
a right-handed antineutrino as expected. However, in 1964, the studies of the Kaon

decay showed that CP symmetry is also broken by the weak force. [23]

Mathematical formulation of the quantum chromodynamics (QCD) allows for CP

violation. Equation 2.1 shows QCD Lagrangian of

90
3272

_ N 1
Lacp = )i (((Y*Dy)iy —mibiy) vy — -

G2, GH —

s G, G (2.1)



where i is an index over quark flavors, v); is the quark field, v* is the Dirac matrices, m;
is the quark mass and G*" is the gluon field tensor, similar to the electromagnetic field
strength tensor, F** and g is the strong coupling constant. For a non-zero § angle the
last term of the Lagrangian is expected to violate CP symmetry. Yet not a single case
of CP violation is observed for the strong force. Measurements of the electric dipole
moment of the neutron are used to get an insight into the value of . Experimental
limit on the electric dipole moment of the neutron (d, < 107%¢ - m ) is roughly a
billionth of the value that would be generated given a CP violating strong force. [24]
This brings about a fine tuning problem with < 107 that results in CP invariance

of the strong force when there is no know reason concerning QCD. [25]

2.2. Peccei-Quinn Theory and Axion

The most credible resolution to the strong CP problem was formulated in 1977 by
Roberto Peccei and Helen Quinn. [26] [27] Their solution accepted € angle a dynamical
variable, as opposed to a constant, which is a byproduct of a new field, namely, axion.
As a result of the axion field a new term can be added to the Lagrangian (Equation

2.1) to account for the effective potential of the axion field (Equation 2.2).

a§ g°
Vesr = 7327‘(2

waégw (2.2)

Peccei-Quinn theory states the last, CP violating, term of the QCD Lagrangian
in Equation 2.1 cancel out with this addition as shown in Equation 2.3 ensuring that

there is no net term that can possibly cause CP violation.

—~
Q
~—
m
)

(2.3)

~
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As a result of the proposed field, Peccei-Quinn mechanism predicts the presence
of a neutral, light, pseudoscalar particle, axion. Experiments that aim to verify Peccei-
Quinn Theory develop ways to detect axion through its coupling to other particles,

mostly photons.
2.3. Axion-photon Conversion

Axion may couple to photons through Primakoff effect [11] via two channels: An
axion my decay to two photons in vacuum (Figure 2.1(a)) or in the reference frame of a
static electromagnetic field an axion may decay to a photon (Figure 2.1(b)). Coupling

of axion and electromagnetic field is expressed with the Lagrangian in Equation 2.4. [1]

1 ~ - o
L= —Zgawa,F“”a = oyl - Ba (2.4)
where g4y, is the coupling constant, F),, is the electromagnetic field tensor, a is the
axion field. E and B are clectric field (associated with photons) and magnetic field
(of the magnet), respectively. Coupling constant g,,, is inversely proportional to the

axion decay constant, f,.

gy

Jarr = 9 (2.5)

where « is the fine structure constant and g, is a model dependent constant of O(1).
KSVZ (Kim-Shifman-Vainshtein-Zakharov) axion model accepts g, = —0.97, whereas
DFSZ (Dine-Fischler-Srednicki-Zhitnitsky) model coupling is g, = 0.36.

Lagrangian of the coupled electromagnetic and axion scalar fields (Equation 2.6)

yield the modified Maxwell equations (Equations 2.7 - 2.10) [28§]
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a-—->-<Y74 a--»>-=<9,774

Wy

(a) (b)

Figure 2.1. Feynman diagrams of Primakoff effect. Axion is coupling to (a) two

photons in vacuum, (b) a photon in the presence of a static magnetic field (virtual

photon) [3]
1 1 1 1 ~
L= 3 (8“a)2 — émzcﬁ — ZF‘“’FW + ZgawFquWa (2.6)
V-E = g¢.,,B:Va (2.7)
V xB—E =g, (Ex Va— Ba) (2.8)
VxE+B=0 (2.9)
V-B=0 (2.10)

where V is the Laplacian operator and a single dot over a parameter indicates first

order time derivative.

Nearest possible axion source to planet earth is the sun where axions are created
via Primakoff process. Solar axions have energies in keV scale which can be converted
back into X-ray photons by inverse Primakoff effect in high magnetic fields of the

specially designed magnets of axion experiments.
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Axions may also be found virialized in the halo of galaxies. Due to its relatively
low velocity in non-relativistic domain, kinetic energy of halo axion is negligible com-
pared to its mass. Therefore, the conversion photon frequency is related directly to the

constant axion mass. Equation 2.12 shows this relation.

MaC? = h (2.11)
mq(neV/c?) ~ 4.14 - v(GHz) (2.12)

Microwave cavities are sensitive to dark matter axions with velocities on the order
v ~ 1073¢ with energy in ueV scale. Energy of the photon created through Primakoff
process is equal to that of the converted axion. Because of a weakly interacting nature
and its abundance in early universe axions have attracted the attention of scientist as
a promising candidate for dark matter. Decay constant f, for cold dark matter (CDM)
axion is constrained by the astronomical observations to be 10 GeV < f, < 10! GeV.

Axion mass is inversely proportional to the decay constant.

102 GeV

7 eV (2.13)

My,
Equation 2.13, together with the constraints on the decay constant require a dark

matter candidate axion to have a mass in pueV-meV range.
2.4. Axion Signal Shape

Galactic halo axion signal shape depends on its energy distribution over frequency
space. Assuming that particle energies for virialized halo axions is dominated by their
mass, classical ideal gas formalism gives us the frequency distribution of virialized halo

axion. Equation 2.14 shows the frequency distribution function for the axion signal.
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F)dv = % (ﬁ)w N (-%) dv (2.14)

where (3%) = (v?)/c*. Root mean square (RMS) velocity of the galactic halo in the
rest frame of Milky Way is vgas = 1/ (v?) &= 270 km/s. [29]

Calculations above are valid for an inertial observer (or a detector) in galactic

frame. In the lab frame, the distribution function for energy is given Equation 2.15.

= E 1 ex —3—72——3(1/_%) stnh | 3r —Z(V_Va) v
fL““”)d”‘ﬁwam P ) (3 ol B )d (215)

where, 7 = v/vrms =~ 0.85 is the ratio of the velocity of lab (earth) with respect
to the galactic rest frame to RMS velocity of galactic halo. Distribution function for
frequency is given by Equation 2.15. [30] RMS velocity of DM axion halo in lab frame
becomes v, rars = \/@ ~ 350km/s. In Appendix A, we derive the axion signal.

Figure 2.2 shows the comparison of axion signal shape at v, = 5.0 GHz. Signal
widths that cover 90% of the signal power are 4.3 kHz and 7 kHz for galactic and lab
frames, respectively. Figure 2.3 displays the lab frame axion signal shapes for various
frequencies that CAST-CAPP is able to cover. In 800 MHz range around 5.1 GHz,
signal amplitude and width both vary by ~ 8%.

Quality factor (), of DM axion is the ratio of axion rest mass energy to kinetic

energy dispersion as shown in Equation 2.16. [29]

Qo ~ = - ~ 10° (2.16)



14
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Figure 2.2. Galactic halo axion signal shape in lab vs galactic frame. Horizontal axis

gives, v — v,, the frequency distance from v, = 5.0 GHz.
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Figure 2.3. Variation of the galactic halo axion signal shape in lab frame across
CAST-CAPP frequency range. Horizontal axis gives, v — v,, the frequency distance
from v, = 5.0 GHz.
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2.5. Axion Dark Matter Streams

Conventional theoretical models for axion dark matter assume energy densities
ranging from 0.2 to 0.6 GeV cm™ [31] and most axion haloscope experiments stick
to the axion dark matter energy density p, = 0.45 GeV cm™3. [32] However, latest
simulations suggest that even in small scales (e.g., solar system) interactions of dark
matter halo with celestial bodies might result in local inhomogeneity of dark matter
distribution through various mechanisms. [33] First, matter streams in a galaxy such
as Sagittarius Stream in milky way can induce accompanying dark matter streams.
Second, axion dark matter halo can accommodate local structures of increased axion
density as a result of gravitational interaction. So called axion mini-clusters can have
masses up to 1071? Mg,,. [34] Axion dark matter mini-clusters that occur around a star,
being trapped by its gravitational field, are expected to have enhanced local energy
densities up to factor 10°. Yet another mechanism is the gravitational focusing of dark
matter halo by astronomical objects. Focal length of these objects depends on their
mass and the axion dark matter velocity. Simulations show that at the focal point of
such objects local axion density is enhanced up to factor 10%. Even planets such as the
Earth has a significant gravitational lensing capability for low-speed dark matter. [35]
In the axion haloscope point of view, whatever the underlying mechanisms are, an
axion dark matter stream can promote signal detection. Yet, the main drawback is
that the local axion enhancement by streams is time dependent and likely to have burst
like effects that may last only days or even hours. The key to detect these hypothetical
short living stream effects is to scan a wide band with a fast manner. In Section
4.6.1, we explain how we try to adapt CAST-CAPP operation to increase sensitivity

to transient axion streams.
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3. MICROWAVE CAVITIES

CAST-CAPP uses 4 rectangular prism shaped cavities. The cavity response to
a signal is determined by its geometry and material. Metal cavities ensure that the
electromagnetic fields are zero on cavity walls. This boundary condition results in a
quantization of field frequencies that can store resonate inside the cavity. Solution
of the Laplace equation inside the cavity result in the resonance mode frequencies
(Equation 3.1) as a function of the cavity geometry, Ly, L,, L, with mode indexes [,

m, n.

c [\’ m\’ n\>
o=y () + (2) + (2) oy
Equation 2.4 indicates that axion-to-photon conversion probability is enhanced if
the electric field of the converted photon is in the direction of the static magnetic field.
Therefore, we can work with transverse electric (TEy,, ) resonance modes with F, = 0,
n # 0 and either [ or m equal to zero but not both. Assuming the magnetic field in y
direction, we require £, # 0. The most fundamental mode satisfying these conditions

is TE19; which we aim to use in our studies. Equation 3.2 yields the transverse electric

field for TE;5; mode.

E,(x,y,2) = —i%BD sin <le:1:> sin (lez) (3.2)
where imaginary number ¢ imply that Ey is out of phase by angle 7/2. Figure 3.1
shows the cavity geometry and the orientations of the static CAST magnetic field and
an example of a TE field (not TE;g; for visual purposes) in the cavity. TE;p; means
that the electric field oscillates in x direction and has half a wavelength fit along the
length L. of the cavity. Substituting the dimensions L, ~ 0.025 m and L, ~ 0.50 m
of a CAST-CAPP cavity in Equation 3.1 results fip1 ~ 6 GHz. This calculation does
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not take the dielectric tuning strips in the cavity which have a minor effect on the

frequency.

E
A\ P

Figure 3.1. Sketch of a CAST-CAPP cavity.

Shape of a cavity resonance mode resulting from the frequency distribution the
electromagnetic energy in the cavity is given by Lorentzian function in Equation 3.3
where U, E . [y fo, Q, fo/@Q are stored energy, electric field, frequency, mode center
frequency, quality factor and the full width at half maximum (FWHM) of the resonance
peak, respectively. [36]

2 1
S U=+ (fo/Q)?/4

U ‘E(f) (3.3)

Equation 3.3 shows the frequency distribution of stored energy in a cavity im-
plying that cavity output power is proportional to the inverse square of the frequency
distance from the resonance mode center. Figure 3.2 shows the Lorentzian profile of

the resonance mode.
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Figure 3.2. Lorentzian shaped profile of the cavity resonance mode.

3.1. Microwave Cavities in Analogy with RLC Circuits

Cavity properties around an arbitrary frequency mode can be modeled by an
RLC circuit where a sole LC circuit models a lossless resonator and resistance R intro-
duces losses. In Figure 3.3(a), blue box indicates the unloaded cavity, that is without

connection to the receiver. Average power is given by

:- 1 1 n |
1 1 PY 1
1 1 1
1 1 1
1 1 1
1 I 1 1
, L C—— Zo |
1 1 1
1 1 1
1 1 1
1 H L J |
1 1 |
L e e e e e e e e e e e e e e e e e e e e - - - U J
a) Cavity b) Receiver
Figure 3.3. Unloaded RLC circuit as a model of a resonant cavity.
ViusR ViusR
Pave — IJQ%MSR — “RMS" " _ RMS 5 (34)

Z? _R2+(wL—i)
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where L is inductance and C is the capacitance of the unloaded circuit. Second term in
the denominator is a function of the frequency. Resonance frequency of the unloaded

cavity that conditionally maximizes the average power is given by

(3.5)

1
Wy = —F/—
VLC
Combining Equations 3.4 and 3.5 yields the Lorentzian shape of the resonance
peak centered at w = wy. Quality factor is defined as the resonance frequency divide

by the full width at half maximum of the peak, w,/Aw.

Q

Qo=R 7 (3.6)

Quality factor of the unloaded cavity cannot be directly measured without a
receiver which in turn alters the quality factor when added to the circuit. Red dashed
box of Figure 3.3(b), represents the receiver that is coupled to the cavity with an
antenna (in our analogy transformer stands for the cavity antenna). Quality factor is
also defined as the energy stored in the resonator divided by the average power loss
power cycle, Qo = woU/Pr where U is the energy stored in the cavity and Pg is the
power dissipated by R. Power losses in circuit diagram in Figure 3.3 result from R and

Zy. Quality factor of the loaded circuit is

1 Pr+ P 1 1
I (3.7)

Qr wok Qo Q-
where @, is the quality factor of the receiver. Equivalent resistance of the impedance
of the cavity as viewed by the receiver is n?R, n being the transformer wiring ra-

tio as shown in Figure 3.3. Ratio of the quality factors is equal to the ratio of the

corresponding power loss terms.
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_ % _ n2R N QL _ QO (38)

b 7 T+ 5

where (3 is called the coupling factor (of the cavity-antenna system). 5 < 1 and § >
1 cases are called undercoupled and overcoupled, respectively. Impedance matching
ensures 5 = 1 which is called critical coupling and is favored as it maximizes the power
transfer by minimizing the signal reflection. Equation 3.9 gives the reflection coefficient

at resonance frequency. Evidently, § = 1 makes I" vanish.

2R — 7, -1
= - 3.9
R+ Zy B+ 1 (3.9)

3.2. Geometry Factor

Geometry factor is a measure of the coupling between the resonance electric field
Elmn in the cavity of volume V and the static magnetic field B. Equation 3.10 shows
the geometry factor for a given cavity resonance mode of parameters Imn.

- - 32
J T () B
C’lmn =

~ . (3.10)
B2V [ 7 (7) ‘Elmn(f)‘

where €(7) is permittivity. Geometry factor of CAST-CAPP cavities was calculated
to be 0.53 with ~ 10% uncertainty at v ~ 5.4 GHZ by simulations.

3.3. Signal Power

In order to derive the power of the signal through the cavity output antenna, we
use the definition of the quality factor alternative to Equation 3.6. We can manipulate
this equation to give the power dissipation through the coupling to the output antenna

as shown in Equation 3.11.
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— Psignal = WOE v B

Q. QL 1+p

U
Q) = wo

A1
‘Z:)ZDSS (3 )

where the stored energy U in the cavity due to photons converted from axions can be
calculated using modified Maxwell Equations 2.7 - 2.10 [37] which results in Equation
3.12.

BQ QQ
U=(g &) Z VYV Cm L
(gawmi o M1+ (2Qr(v — o) /o)
2#+3..3 2 2
207 h°c’p,\ B Q1
— (2PN 2y, 3.12
(9” A ) P W CTaN ey (3.12)

where « is the fine structure constant, & is the reduced Planck constant, ¢ is the speed
of light and g is the Vacuum permeability. Equation 3.13 gives the power of the
axion induced EM signal in a cavity. Table 3.1 gives an account of the parameters in

Equations 3.12 and 3.13.

2%3 .3 2 2
. _ 2 & ke Pa i ﬁ B; QL
Fetgnat = (g7 m2A1 ) (wo Qrl+ 5) Ho VG (2QL(v — n)/v0)* (313)

Equation 5.25 in Section 5.9 is the modified equivalent of Equation 3.13 for the
experimental parameters of CAST-CAPP.

Table 3.1. Parameters that contribute to axion power in an RF cavity.

Symbol Name Constants

Garyy Axion-photon coupling alg|mem A2

G Unitless coupling constant | -0.97 (KSVZ), 0.36 (DFSZ)

Da Axion DM energy density ~ 4.5 x 101 eV/m?

my, Axion mass Unknown

A A constant parameter ~ 78 MeV
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4. CAST-CAPP EXPERIMENT

4.1. Hardware

CAST-CAPP is installed on the sunrise side (left side of the CAST on the photo-
graph in Figure 1.2) where solar axion detectors were once installed. Cavities and piezo
electric tuner motors and amplifiers are installed in the CAST magnet bore kept at 2
K and 9 T. Controller PC, vector network analyzer (VNA), spectrum analyzer, data
recorder and power supplies of temperature sensors, piezoelectric motors and amplifiers
are installed on an instrument rack on the CAST supporting trolley platform. Figure
4.1 shows the connection scheme of the instruments in CAST-CAPP setup. ! Indi-
cated on the figure are Keysight N9030B PXA spectrum analyzer for cavity antenna
(1), Agilent E5063A vector network analyzer (2), National Instruments FSW-0020 sig-
nal generator (3), RF switches by Mini-circuits (4), post-power combiner amplifier
(5), custom-made power combiner (6), adjustable attenuators (7), power splitter to
match the frequency references of the devices in our setup to that of the source de-
vice, Keysight N9030B PXA spectrum analyzer (8), local area network modem (9),
Bird IQC5000 Data recorder and its RAID storage (10), commercial external antenna
(11) and its Keysight EXA N9010A spectrum analyzer (12), LakeShore T-Monitor
224 temperature monitor (13), power supply of the external amplifiers (14), pre-power
combiner amplifiers (15), 300 K flange on CAST magnet (16), cavity frequency tuner’s
piezoelectric motor’s power supply (by JPE) (17), power supplies of the amplifiers (Low
Noise Factory LNC4-8D) on cavities (18), webcam (19) to monitor displays of (18).
local storage drives of 23 TB in total (20), computer with 8-core Intel i7 processor and

high-speed SSD drive (21), USB ports connected to PC (22).

IFigure by Spyros and Marios Maroudas
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Figure 4.2 shows the cavity connections through the CAST cryostat layers. CAST
hall is at room temperature ~300K where signal generator, network analyzer, spectrum
analyzer, power combiner and RF switches are installed. These instruments are con-
nected to the 300K flange on CAST cryostat. All cables are connected to 2K flange
through a clamp on the copper vessel kept at 70K. Inside the CAST magnet are the
four cavities and their low noise amplifiers. Signal output of each cavity is connected
to the power combiner through 2 amplifiers, one at 2K chamber on the cavity, the
other at room temperature outside CAST. The single output of the power combiner
is connected to an RF switch through an amplifier. RF switch directs the signal to
VNA or spectrum analyzer. Cavity signal inputs are connected to an RF switch which

allows the VNA or the signal injector to send signals to a single cavity at a time.

| Magnet |
VA~ LT H
. D
DA~ =T AT .
- Covity 3 >8I > Power
FomTToomtoso--mm----- GrollF-lEr-—-1) Combi
AT ) )R S
Lo ] HH N
LNA i
| Magnet | RF Switch RF Switch
2K S .
1 |
300K Signal VNA Spectrum
Generator Analyzer

Figure 4.2. CAST-CAPP system diagram. Dashed lines indicate cavity input
connections. Solid lines show receiver i.e., cavity output connections. CAST cryostat
layers are indicated by colors. The drawing shows the cavities on top of each other in

order to fit the diagram in the page. In reality, 4 cavities in the magnet bore are

aligned on the axis of their length.
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4.1.1. Cavities

CAST-CAPP employs rectangular cavities with tunable resonance frequency to
scan a range of axion masses. Each of four cavities has dimensions 23 mm x 25 mm
x 390 mm. Therefore, the volume of each cavity is 224 x 107% m3. Figure 4.3 shows
a CAST-CAPP cavity. On the 2 ends of the rectangular cavities, piezoelectric tuning
motor and cavity locking mechanism are located, making the total length ~ 50 cm.
Locking mechanisms are used to fix each cavity inside CAST magnet bore. A low-noise
amplifier is connected right after the coupler (antenna). Cables of the piezoelectric
motor, temperature probe, signal input, and signal output are also fixed on the cavity

by kapton tape.

Piezo T-sensor Coupler Amplifier Locking

l device

Figure 4.3. CAST-CAPP cavity.

Inside each cavity, two dielectric sapphire rods of relative permittivity €, = 9 and
of sizes 2.56 mm x 12 mm x 360 mm are symmetrically placed as shown in Figure 4.4
(a). As these rods move towards the center, the resonance frequency of TE;q; mode is
designed to be tuned from 4.2 to 5.8 GHz as the Figure 4.4 (b) indicates, however in
reality, due to low ambient temperature in CAST magnet (2K), we are currently able
to scan a frequency range, 4.75 to 5.5 GHz which corresponds to 19.7 - 22.5 peV axion
mass range. Considering the volume occupied by tuner rods, the empty volume inside

each cavity is ~ 202 x 1075 m3. [4]

Figure 4.5 shows the wheel tuning mechanism in our cavities. A coupling rod
transmits the pushing force of the piezoelectric motor and rotates the wheel. Wheel
is connected to two tuning plates and as it rotates the two plates are moved to the

opposite sides along the long axis of the cavity.
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Figure 4.4. CAST-CAPP cavity inside view and tuner bars (a). Potential tuning

range of the cavities (b). Resonance frequency as a function of the insulating bar

positions (blue) and that of the empty cavity (red), all for TE;o; mode. [4]

There are 4 temperature sensors are installed on CAST-CAPP that are connected

to Lakeshore T-monitor 224 outside the cryostat. Single temperature sensors are in-

stalled in cavities 1 and 4. Two sensors are

mounted on cavity 2. No temperature

sensors are installed on cavity 3 due to limited space in the CAST magnet bore. In

order to measure the temperature of cavity 3, we use the average temperature readings

of two of the closest sensors from cavities 2 and 4.

Figure 4.5. CAST-CAPP tuning mechanism.

Locomotive wheel and the coupling rod

are indicated by red circle on both the photograph and the technical drawing.
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4.1.2. Vector Network Analyzer

We use Keysight E5063A vector network analyzer (VNA) to monitor cavity res-
onance modes in transmission mode and to measure resonance mode frequency, am-
plitude and quality factor. In transmission mode, VNA sends a strong signal to the
cavity through the weakly coupled input port that is sweeping the frequency span that
is set by the user. Then the signal through the critically coupled cavity output is
measured. Figure 4.6 shows the cavity resonance modes visualized on VNA screen in
transmission mode in frequency range around ~5.3 GHz. Each peak on the screen
denotes a different resonance mode that signify a unique wavelength combination of
standing electromagnetic waves in a 3-dimensional cavity. For the axion search, we
are interested in TEy; resonance mode which is the mode with the lowest resonance

frequency (leftmost on the VNA screen) and the largest geometry factor.

E5063A Network Analyzer
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Figure 4.6. VNA monitor showing the CAST-CAPP cavity resonance modes in 100
MHZ range about ~5.3 GHz.
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4.1.3. Spectrum Analyzer

We use Keysight N9030B PXA spectrum analyzer to take axion sensitive data
from the critically coupled output antenna of the cavities. In order to check the quality
of the cavity output signal, we observe the noise bump of the cavity resonance mode
on the spectrum analyzer. We expect that noise bump to have an amplitude at least
1 dB above the noise floor. Figure 4.7 shows the noise bump of cavity 4 for resonance
mode TEjy; which is ~1 dB above the noise level. On the spectrum analyzer, we do
not observe sharp peaks as we do with VNA, because in contrast to VNA a spectrum

analyzer does not apply an input sweeping signal on the cavities.

Figure 4.8 shows the spectrum analyzer screen showing the strong test signal
applied to cavity 4 by a synthesized sweeper. The test signal is depicted as a narrow
blue line in the frequency domain measurement, whereas it is shown as a sine wave in

the time domain.

= Vector - Keysight 89500 YSA Software - Press the Mode key to switch applications o || | =%

File Edit Control Source Input MeasSetup Trace Markers Window Utilities Help W

£ B3 RN W00 oo

Figure 4.7. Noise bump of the cavity displayed by the spectrum analyzer indicates

good quality of the receiver chain.



29

1 Spectrum
| Scale/Div 10.00 dB Ref Value -100.00 dBm

|center 5.305798 GHz ' ' : ' Span 5 MHz|

Ref Value 1 nV
1

L | |
2.000 ms

\ T 1 77;-77 —
0.000 s Scale/Div 200.0 ps
Digital IF BW 5.0000 MHz Acq Time 1.8409 ms (11507 pts)

Figure 4.8. Visualization of the cavity output during a test signal injection to the
cavity input. Sine shape of the test signal is visible time trace (lower part of the
screen) where the complex I1QQ measurements are depicted as different (blue and

yellow) sine waves of shifted phase. The upper box on the spectrum analyzer screen
shows the frequency domain plot of the measurement where the sine wave appears as

a narrow line (blue) in the middle of the screen.

In 2020 run, we also installed a second spectrum analyzer, Keysight EXA N9010A,
that is connected to an external antenna mounted on CAST operating at room tem-
perature and zero magnetic field. This receiver takes simultaneous data at the same
frequency with cavity receiver. The main reason is to better identify the outlier data
origins, such as EMC/EMI, and discard them easily from the candidate list. Although
CAST’s steel magnet body acts as a Faraday cage preventing electromagnetic signals
from outside, in case there is an electromagnetic leakage a signal that is induced from

outside CAST should show up in both cavity and external antenna receivers.
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4.1.4. Installation in Summer 2019

In the summer of 2019, CAST-CAPP cavities were installed on the CAST magnet
for the second time. First installation of CAST-CAPP, in summer 2018, served for
several test on data-taking, tuning and the calibration of the setup electronics. By the
end of 2018, tuners of all cavities had stopped responding and connection to cavity 4
was completely lost. Thus, it was not possible to take full advantage of the hardware let

alone the phase-matching of the cavities which is the unique property that distinguishes

CAST-CAPP from its counterparts.

There were only 2 installations of CAST-CAPP cavities that is the cavities were
extracted only once from the CAST magnet for maintenance and improvements. The
main reason for this is that the installation procedure occupies at least 1 month consid-
ering warming, disassembling, assembling and cooling the CAST magnet. Steps below
define the procedure we follow to disassemble the magnet and to extract CAST-CAPP

cavities:

e CAST endcap (diameter ~1 m) is opened and moved to CAST hall. (Figure 4.9)

e 300 K flanges are removed and all cables and connectors disconnected. (Figure
4.9 -left, indicted with yellow circle.)

e 70 K clamp is removed from copper vessel of cavities. All cables and connectors
inside and outside the copper vessel are disconnected. (Figure 4.9 -right, indicted
with red circle.)

e Copper vessel is unmounted. (Figure 4.9 -right, indicted with red.)

e 2K clamp and flange are removed. Cavities are pulled from within the magnet

bore on by one. (Figure 4.9 -right, indicted with green.)

CAST has 2 identical magnet bores. CAST-CAPP cavities are inside the bore
on the right. The one on the left is used by RADES, the other cavity experiment in
CAST. Figure 4.9 (right) shows the magnet bore on the right is uncovered whereas the
copper vessel and the 70 K flange of the left bore are still not disassembled.
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Figure 4.9. Photographs of CAST magnet closed (left) and opened (right). Several
important parts are indicated with color: 300 K (warm) flange (yellow), 70 K clamp
on copper vessel (red), magnet bore after 2 K flange removed (green). CAST-CAPP

uses the the one on the right (green) of the two identical magnet bores.

All cavities were disassembled. Tuner systems were repaired and tested in room
temperature. Vibration dampers are added to tuning plates. General maintenance of
tuner motors, cavity antennas and low noise amplifiers (LNA) were carried out. Tuners
are run by piezoelectric motors and supported by double springs (see Figure 4.10 (a)
and (b)). When tuning towards higher frequencies we are moving with the spring force
while when we tune towards lower frequencies we are moving against the springs by
piezoelectric force. Tuners are calibrated by adjusting the spring forces. Temperature
probes of CAST-CAPP were repaired. (In the first run, we had been relying on CAST’s

general purpose temperature probes only.)

We crafted cavity locking mechanism with screws and aluminum strips in order
to fix the cavities and the cables (of cavity antenna, temperature sensor and power
cables of tuners) so that they do not move independently in the magnet bore. (see

Figure 4.10(c))
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Figure 4.10. Images of piezoelectric tuner motor and its locomotive wheel (a), double

springs on the rear side of the motor (b) and aluminum lock strips between 2 cavities

(c).

Output signal of each cavity were tested using VNA and spectrum analyzer.
Optimal and maximal tuning ranges for each cavity were determined. Table 4.1 shows
the optimal and maximal frequency ranges of operation for each cavity. Figure 4.15 in
Section 4.5 depicts the data-taking ranges and data acquisition times for each cavity.
Cavity tuners cannot exceed the boundaries indicated by the maximal rage. Tuning
outside the optimal ranges create a risk of tuner getting stuck. In Section 4.8, we
discuss an upgrade of piezoelectric motors to increase the torque and therefore expand

the optimal ranges.
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Table 4.1. CAST-CAPP cavity tuning optimal and maximal ranges for each cavity.

Optimal range (GHz)

Maximal range (GHz)

Cavity 1 5.20 - 5.34 5.13 - 5.50
Cavity 2 5.20 - 5.35 5.07 - 5.49
Cavity 3 5.25 - 5.45 5.03 - 5.50
Cavity 4 4.75 - 5.23 4.74 - 5.40

The

sapphire axis holding the 2 sapphire tuning plates together inside cavity 4

had been broken after the first installation during the tuning tests. Broken shaft has

a diameter of 2 mm and a length of 3.4 cm. Figure 4.11 shows the broken axis of the

cavity tuner mechanism indicated by red circles on a photograph and a drawing. The

broken axis was repaired by using a cryogenic glue, however this intervention caused a

shift of the tuner frequency range towards lower frequencies. Luckily, it also expanded

the range that cavity 4 can scan safely. (see Table 4.1)

Figure 4.11. Photograph (left) and technical drawing (b) of the broken shaft of the

tuner plates in cavity 4 indicated by red circles.

4.1.5. Amplifiers

We use amplifiers in multiple stages of our receiver chain. At room temperature,

we have 4 amplifiers for each cavity before the cavity output signals enter the power

combiner. And an extra amplifier is connected to the output of the power combiner

before the signal enters the spectrum analyzer. We also have a low noise amplifier

(LNA, Low Noise Factory LNC4-8D) on each cavity in the CAST magnet which plays

a key role to amplify the cavity signal when the noise is low due to low temperatures.
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Figure 4.12 shows the gain and noise profile LNAs given by its manual for ambient
temperature ~ 5K. Amplifiers on the cavities is one of the 2 reasons of local heating.
(The other is frequency tuning of the cavities.) When the amplifiers are off the cavity
temperatures read ~3K. When they are on and operated at with the current-voltage
parameters suggested by the manual, the average temperatures rise up to 13K given the
heat dissipation is 7 mW. We had optimized the operational parameters in accordance
with the manufacturer to have a heat dissipation of 1.5 mW. With this optimization

the cavity temperatures became ~8 K.
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Figure 4.12. Low noise amplifier gain and noise measurement as a function of

frequency at temperature ~ 5K.
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4.2. Coherence of Axion signal

It is essential for an axion detector that the axion induced electromagnetic wave
phases are (approximately, if not exactly) equal over the experiment setup. That is, the
axion signal through the detector should be coherent to maximize the signal strength
given the assumption that axion field is coherent. We can illustrate this condition
using the example of axion induced photons inside the detector. If the wave phases
of these photons are changing across the detector axion signal would be attenuated
considerably due to the destructive interference. Equation 1.1 in Section 1.1 introduced
axion signal coherence condition for solar axion. As for the axion haloscopes that aim
to detect virialized galactic axion dark matter where, contrary to solar axions, the
kinetic energy is small compared to the rest mass. The coherence condition requires the
experiment size to be much smaller than the de Broglie wavelength of non-relativistic
axion. Equation 4.1 gives the axion wavelength for the average axion mass 20ueV/c?
for which CAST-CAPP is coherent, considering v/c ~ 1072 roughly for approximate
velocity of the DM in the galaxy halo. Since 4 CAST-CAPP cavities are aligned on an
axis with total length of 2 meters, we can safely assume that axion signal phase over

all 4 cavities are approximately equal.

A:

MaeUe  Mmc?-v/c

h h he <1.24ueVm) <v
p

-1
- ~ 60 4.1
20peV c) " (4.1)

4.3. Combining Multiple Cavities with Phase-matching

Combination of N uncorrelated noise sources of mean power Psnge and standard
deviation ogingle result in a total noise of Piotal = N Piingle and Ootal = VN Ogingle- 1'his
follows from the addition of uncorrelated noise voltages V;* which is given by Equation
4.2 where the last term of covariance is zero and we have Equations 4.3 and 4.4 for the

total voltage and powers, respectively.
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Vietar = >_{ (V")) (4.3)
Piotar = »_ P! (4.4)

With the assumption of N equal powers P; = Fingle, We get Piotar & N Pingle. This scal-
ing of power for the combination of uncorrelated noise is also valid for the combination
of uncorrelated signals. On the other hand, correlated noise voltages V,© add up as
shown by Equation 4.5 using the assumption for the correlated axion signals through

multiple cavities to be V¢ & Viingle.

Via={ (V) ) = (Vi) = NV (45)

Piotar = N2Psingle (46)

The total power scales with N? for correlated signals in contrast to the uncor-
related noise where the scaling is with N. In other words, uncorrelated signals add
in power whereas correlated signals add in voltage. When operated independently,
signal outputs of each of N cavities are uncorrelated. In order to benefit from N?
scaling of the signals from multiple cavities, those cavities should be phase-matched.
In order to phase-match multiple cavities, first, all cavities must be tuned to the same
frequency. Then, a power combiner is used to merge multiple cavity output signals.
Phase-matching requires axion signal originating from all 4 cavities simultaneously
must arrive at the power combiner at the same time to match the phases of sine waves
(in case there is a signal) To this end, we measured propagation delays for the outputs
of each 4 cavities to be in the order of 100 nanoseconds using VNA in time domain
impulse mode. This delay depends mainly on the length of the wire from cavity output
to the power combiner. We adjusted the wire lengths from cavity outputs to the power

combined to match their propagation delays.
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Figure 4.13. VNA screen showing that 4 cavity modes are aligned with respect to

frequency and amplitude.

Figure 4.13 shows phase-matching of 4 cavities on a VNA in transmission mode.
Cavities were tuned to the same frequency within + 10 kHz and their mode amplitudes
were balanced within £ 0.5 dB using attenuators as they were monitored with VNA
(see ). The reason of amplitude alignment of the phase-matched cavities might not be
as obvious as the reason of their frequency alignment. Total noise output of the power
combiner scales as ~ Y A;n; where the sum is over the phase-matched cavities and
A; are the cavity resonance mode amplitudes and n; are noise. Total signal output
of the power combiner scales as ~ > A;S; where S; are signal amplitudes from each
cavity. In the SNR calculation for a single cavity mode amplitude terms would cancel
out. In case of multiple cavities, mode amplitude terms cancel out if only all A;
terms are equal. Hence the resulting SNR for the phase-matched configuration would
considerably be bigger than that of a single cavity. On the other hand, if at least one
of them is considerably large, that is A; >> A;.; then all A;x; terms in both sums

would be negligible and the resulting SNR would be equal to that of a single cavity.
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So, we conclude that we should have the cavity resonance mode amplitudes of the
phase-matched cavities approximately equal. We are currently working to demonstrate

phase-matching with signal injections to the cavities.

An important parameter in signal processing is signal-to-noise ratio (SNR) which
can be defined in two ways. First is SNR = Pgnal / Phoise and second is SNR =
Piignal / Onoise- Table 4.2 gives the scaling of SNR for correlated (phase-matched)
and uncorrelated signals with the combination of N cavities for both SNR definitions.
Coherence of the output signals thorough phase-matching of N cavities multiplies the

SNR by a factor N for both definitions of SNR.

Table 4.2. Scaling of SNR with the combination of N correlated /uncorrelated signals

versus noise (uncorrelated by default) for the distinct definitions of SNR.

Psignal / Pnoise Psignal / Onoise
Uncorrelated signal N/N =1 N/ VN = VN
Correlated signal N?/N =N | N?*/V/N =NvN

4.4. Data Acquisition

Data acquisition software (DAQ) operates all the instruments in our setup with
Python programming language. DAQ is fully optimized to take data automatically once
started with required parameter inputs. We also implement various safety measures to
protect the tuners with piezoelectric motor in our cavities which are the most delicate

parts of our setup. Our digital data treatment is composed of several stages:

Data acquisition using a spectrum analyzer.

Recording data on RAID storage system.

Data offload from RAID system to local drive.

Data processing on local drive with Fast Fourier Transform (FFT).

Data analysis on local drive.

Upload data from local drive to CERN Advanced STORage manager (CASTOR).
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CAST-CAPP records time series of I/Q samples as 16-bit binary data. At each
measurement, we record, along with the binary data file, a human readable header
file containing data-taking parameters such as center frequency, acquisition bandwidth
(span), sample rate, start and stop timestamps. 1/Q couple voltage readings can be
thought of as the real and imaginary components of a measurement, thus carrying the

information of both amplitude and phase.

We record data in files of 1-minute measurements of file size ~ 1.5 GB. We have
fixed acquisition bandwidth of 5 MHz which is well above the minimum requirements
determined by cavity resonance peak width veener /@ ~ 300k Hz. Sampling rate is 6.25
MHz (6.25 x 10° I/Q samples per second). This corresponds to 375 x 10° data samples
in a single 1-minute datafile. Each of our raw spectra has a bandwidth 6.25 MHz,
however 10% on both left and right edges of the spectra are the roll-off of the IF filter.
In the analysis, we crop both ends, removing 20% of the samples in each spectrum, to

have refined spectra of 5 MHz bandwidth.
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Figure 4.14. Screen of the local CAST-CAPP PC during simultaneous data-taking

and analysis.
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CAST-CAPP records data from two channels using two spectrum analyzers. First
channel is connected to the cavities and the second channel is connected to an external
antenna mounted on CAST magnet. Bandwidth and the canter frequencies of both
channels are the same. The second channel was installed before 2020 data-taking run,

in order to better characterize the outlier signals and their origins.

In ideal conditions, CAST-CAPP data-taking duration is limited by data offload
from RAID recorder system to local drive. This process requires ~ 2 hours per day
and cannot be performed simultaneously with data-taking. Remaining ~ 22 hours are
devoted to data-taking. However, CAST hosts experiments which also require solar
tracking. In the days that CAST does solar tracking, we utilize up to 18 hours per
day for data taking. We prefer not to take data during solar tracking because of the

increasing mechanical vibrations at CAST due to 50-ton system being moved.

As soon as the time-domain raw data is offloaded from the RAID recorder to
the local PC, it is processed by Fast Fourier Transform in small chunks (explained in
Chapter 5). Processed data size is 4 MB per 1-minute recording which is much smaller
compared to raw data. Analysis is performed on the processed data files and we do

not use the raw data anymore throughout the analysis procedure.

Considering both data channels of CAST-CAPP, we collect up to ~ 4 TB of data
per day. Since we do not have enough local storage at CAST for such big amounts
of data, we transfer the raw data to CERN Advanced STORage manager (CASTOR)
using the fiber optic infrastructure of CERN as soon as we finish processing it. We
save the processed data (~ 5 GB/day) to both local drives and to CASTOR. As of
December 2020, we have ~ 500 TB of data stored at CASTOR.
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4.4.1. Data-taking Run of 2018

This run served for tests and calibrations. Frequency tuners with piezoelectric
motors were tested to identify the frequency limits of the tuners in cryogenic temper-
atures. We studied the oscillations of the tuning plates induced by the vibrations of
CAST vacuum pumps. Due to malfunctions of several tuner and signal receiver elec-
tronics, neither of the cavities could complete the tuning tests successfully, and only
cavity 4 passed signal receiving tests. CAST-CAPP took test data of 134 hours in 2018
with cavity 4 only in fall of 2018.

4.4.2. Data-taking Run of 2019

After the second CAST-CAPP installation in the summer of 2019, we completed
signal receiving and tuning tests of all cavities. We automatized the data-taking with
frequency tuning using our DAQ software. We developed phase-matching procedure for
four cavities by improving fine tuning of the piezo tuners and by installing adjustable
attenuators connected to signal channels of all cavities and a power combiner to merge
and direct the signal cable to the spectrum analyzer. We demonstrated phase-matched
data taking for 2, 3 and 4-cavity systems. In this period, we established the connection
between the local CAST-CAPP PC and CASTOR in order to fulfill increasing need of

data recording space.

During 2019 data taking run we have managed to measure successfully with all
four CAPP cavities a total frequency range of 280MHz (in steps of 200kHz) for a total
acquisition time of 637.9h (26.6days). More specifically, for single cavity measurements
we measured for a total acquisition time of 195.3hours, with phase-matched cavities
we measured for a total acquisition time of 442.6h. The total scanned ranges for each

individual cavity were:

e Cavity 1: 68.913MHz (5.2860GHz — 5.3500GHz)
e Cavity 2: 157.365MHz (5.2239GHz — 5.3813GHz)
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e Cavity 3: 58.6563MHz (5.2836GHz — 5.3422GHz)
e Cavity 4: 135.179MHz (4.9119GHz — 5.0471GHz)

4.4.3. Data-taking Run of 2020

In September 2020, we could start CAST-CAPP data-taking run with a big delay
because of COVID-19 pandemic. This also led us to skip any installations that we
would like to conduct which required opening CAST magnet. Luckily, CAST-CAPP
detector was working fine and ready to start a new data taking run. In 2020 run,

we incorporated a second signal receiver channel to acquire electromagnetic radiation

outside the CAST magnet.

4.5. Data Acquisition Statistics

CAST-CAPP has scanned a continuous range from 4.77 GHz to 5.43 GHz (660
MHz bandwidth) corresponding to axion masses 19.7 - 22.4 peV. As of December
2020, we have recorded ~127,000 1-minute datafiles, corresponding to a total time 85
full-day with magnetic field on, that is, sensitive to axion. Figure 4.15 shows the data-
taking time of each cavity as a histogram over the frequency range. Table 4.3 gives an
account of the statistics of recorded data, classified for either single cavity identities
of different combinations of phase-matched (PM) cavities. Table 4.4 yields the same
statistics for cavity background data taken with magnetic field off. Background data
does not cover the whole frequency range as that of magnet-on data because background
measurements were mainly focused around the observed candidate signals (see Section
5.14). Contributions to the statistics from discarded data are not counted. In Section

5.6 we explain our criteria to select qualified measurements.



Table 4.3. CAST-CAPP data acquisition statistics classified according to cavity
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identities for axion sensitive measurements taken with magnetic field on. PM denotes

phase-matched cavities.

Cavity combinations | Time Frequency range

Total 84.9 days | 4.774 — 5.434 GHz (660 MHz)
Single cavity (all) 64.3 days | 4.774 — 5.434 GHz (660 MHz)
PM cavities (all) 20.6 days | 5.222 — 5.352 GHz (130 MHz)
PM 2-cavities (all) 12.3 days | 5.277 — 5.352 GHz (75 MHz)
Cavity 1 14.2 hours | 5.277 — 5.337 GHz (59 MHz)
Cavity 2 25.9 days | 5.182 — 5.381 GHz (199 MHz)
Cavity 3 12.7 days | 5.293 — 5.434 GHz (141 MHz)
Cavity 4 25.1 days | 4.774 — 5.246 GHz (472 MHz)
PM cavities 1-2 11.2 days | 5.277 — 5.352 GHz (75 MHz)
PM cavities 1-3 25 hours 5.284 — 5.299 GHz (15 MHz)
PM cavities 2-3 5 minutes | 5.293 — 5.298 GHz (5 MHz)
PM cavities 1-2-3 8.2 days 5.292 — 5.330 GHz (38 MHz)
PM cavities 1-2-3-4 20 minutes | 5.222 — 5.227 GHz (5 MHz)

Table 4.4. CAST-CAPP data acquisition statistics classified according to cavity

identities for axion insensitive measurements with magnetic field off. PM denotes

phase-matched cavities.

Cavity combinations | Time Frequency range

Cavity 1 1.1 hours | 5.285 — 5.290 GHz (5 MHz)
Cavity 2 12.5 days | 5.198 — 5.342 GHz (144 MHz)
Cavity 3 2.3 days | 5.329 — 5.433 GHz (104 MHz)
Cavity 4 21 hours | 4.789 — 4.856 GHz (67 MHz)
PM cavities 1-2 5.2 hours | 5.285 — 5.290 GHz (5 MHz)
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Figure 4.15. Histogram of cavity data-taking times over the frequency range. Colors

denote cavities 1 (blue), 2 (orange), 3 (green), 4 (red).

4.6. Data Acquisition Strategies

4.6.1. Fast Tuning Method

CAST-CAPP focuses on two channels of axion detection. First is the detection
of halo axion which is the conventional target for all axion haloscopes. Second is the
detection of axion streams or mini clusters. Fast scanning method (FSM) aims to fulfill
both detection channels by maximizing the sensitivity for the streaming axions while

causing no setback on the sensitivity for halo axions.

Conventional haloscopes can be sensitive to axion streams on daily basis con-
sidering the anticipated huge amplification of local axion densities. Research shows
that axion streams gravitational focused in the solar system can ideally boost axion

densities up to the order of 10. [38] (See also the discussion in Section 2.5) However,
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a significant drawback, axion streams may occur as short lasting bursts rather than be-
ing persistent as halo axions. In this case, FSM maximizes the chance of axion stream
detection by scanning the broadest possible frequency range in a short time interval
by tuning cavity resonance mode fast. Maximum scanning speed of CAST-CAPP cav-
ities is 10 MHz/min. Therefore, the maximum scanning range (~660 MHz) can be
covered within ~1 hour. Considering the data-taking times, CAST-CAPP can scan 10
MHz/hour.

FSM also requires daily analysis of the data to establish a feedback loop in search
of the transient signals. This feedback loop ensures that any signal candidate is realized
by the operators within a day and results in daily update of the tuning plans in order

to explore the narrow bands around the transient candidate signals.

4.6.2. Wide Band Scanning

Wide Band Scanning (WBS) technique is devised as a plan b to the fast scanning
method. WBS is intended for axion stream search only. It is the fastest technique
to continuously scan for DM axion streams, however it lacks the sensitivity to the
conventional DM axion. Idea of WBS is to keep a cavity at a constant frequency and
scan a wide frequency range around the TE;o; mode of the cavity which is sensitive
to axion. Power of the cavity resonance mode is inversely proportional to the square
of the frequency distance from the resonance mode center. Therefore, even for axion
streams with power bursts we are likely to lose sensitivity if the signal is away from

the mode center.

We measured the signal amplitudes as a function of frequency distance from
cavity resonance mode’s center frequency of cavity 1. We varied the input signal
power from -120 to -50 dBm with 10 dBm steps and we measured the output power
amplitude with respect to the noise floor with 10 MHz steps from 0 (resonance center)
to -300 MHz. We could not verify the detection of signals with -120 and -110 dBm

amplitudes and for frequency distance >160 MHz. Figure 4.16 shows the variation of
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output signal power vs frequency distance from TE;y; mode for B = 9T, Q ~ 2 x 10*,
T =~ 15K, measurement time at each frequency step = 10 s. We conclude that, given
the parameters above, we are sensitive to signals up to 160 MHz (for -50 dBm) away

from the mode center.

Wide band scanning with test signal (cavity 1)

Input signal power B=9 T
1044 — P=-50dBm  Q~2-10*
—~ ] — P=-60dBm I~15K
) — P=-70dBm Data time=10 s
< 103] — P=-80dBm
o ] —— P=-90dBm
2 P=-100dBm
o
9, 102 -
I
c
=3
.U) 101_
100

_160 —140 —120 =100 —80 —60 —40 -20 0
Signal distance from TE,;; mode frequency (MHz)

Figure 4.16. WBS test measurements with an injected (fake) signal of power varied
powers. Output powers are plotted as a function of the frequency distance from

TE;o; resonance mode center.

Figure 4.16 was plotted for the left (lower frequency) side of the resonance mode
because TE;9; mode has the lowest frequency and there are other modes on its right side
which would distort our measurements with injected signal. However, those resonance
modes are not sensitive to an axion signal. Therefore, considering an input axion signal,
we can safely assume that measured curves on Figure 4.16 are symmetric about x = 0

line.
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In CAST-CAPP, we have taken WBS measurements with single cavities for test
purposes. WBS is most feasible with multiple cavities tuned with a constant frequency
spacing over a wide range of frequency. The frequency spacing of cavities and measure-
ment time should be derived from the axion stream power estimations. Considering the
maximum span (25 MHz) of our spectrum analyzer and the measurement time 10 s at
each step we are able to sweep 200 MHz range in less than 2 minutes with WBS. Such
high sweeping speeds make WBS favorable to search for axion streams with burst-like

transient signals.
4.7. Sensitivity Prospects
In order to obtain an estimation of a limit on the unitless coupling g., as a function

of total data-taking time ¢ and data bandwidth Av, we use the results of the discussion

in Section 5.4. Specifically Equation 5.23 can be rewritten as

& —~ & AVa _ % ([Psignal]eﬂective 1 )2
t QL t QL kBTs SNRtarget

~ & Psignal(V - VO) 1 2 (4 8)
QL kBTs SNRtarget ‘

where Pygna(v = 14) is the axion conversion power exactly on the cavity resonance
frequency and [ Prignal]effective 1S the sum of the overlapping conversion powers (Lorentzian
profile) as the cavity is tuned step by step over a given frequency v. In Section 5.12,

we explain SNRyaget i selected to be 5. We can write Equation 4.8 as

Av (1 1 a*hdcPp, s B?

2
~ N mn a 4.
t kBTs SNRtarget m2 A4 o 1+ 6 Ho VCl ) QLQ ( 9)

Figure 4.17 shows CAST-CAPP detector’s capability to probe axion-photon cou-
pling with respect to KSVZ model (y axis) given the data acquisition time (x axis),

scanning bandwidth (line colors) and number of phase-matched cavities (dashed and
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solid lines for minimum - single - and maximum - 4 - values, respectively). Current
operational parameters of CAST-CAPP are best represented by black curves ( 500

MHz data acquisition range) around ¢t ~ 10% days.

Range (MHz)

102 - — 5 (4 PM) — 50 (4 PM) — 500 (4 PM)
]~<_ —— 5(single) == 50(single) == 500 (single)
N
<
Q0
~~
~ 1014
I ]
]_OO T L L L L | T LA L L L L | T LA L L | T LA
100 10! 102 103 104

Time (days)

Figure 4.17. Axion-photon coupling exclusion prospects as a function of time, given
the frequency tuning range (data acquisition range) with colors: Red (5 MHz), blue
(50 MHz), black (500 MHz). Solid lines denote the case for 4 phase-matched cavities

whereas dashed lines mark the single cavity case.

Figure 4.18 displays the time required to reach a sensitivity target of KSVZ or
DFSZ theoretical values or their multiples, given the data acquisition bandwidth (x
axis) for the best case where we use 4 phase-matched cavities. Unfortunately, reaching
the parameter space around KSVZ and DFSZ theoretical bands (red and black solid
lines, respectively) is not probable considering the reasonable short- and medium-term
plans with data-taking time ¢ < 10® day with the given experimental setup. We discuss
how we can change this scenario through several hardware updates in Section 4.8. With
the current capabilities of CAST-CAPP, we are focused on the parameter space around

KSVZ (DFSZ) x10 given by red and black dashed lines.
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Figure 4.18. Time to reach KSVZ (solid, red) and DFSZ (solid, black) axion coupling
sensitivity as a function of tuning range. Dashed lines indicate KSVZ & DFSZ axion

coupling x10 with colors red & black, respectively.

4.8. Future of CAST-CAPP

In short-term (6 months), CAST-CAPP will continue scanning 4.8-5.4 GHz range
with 4 cavities by fast scanning method looking for both halo and transient axions.
Figure 4.19 shows the parameters space we aim to explore in the first half of 2021
with single cavity (region bounded by red line) and 3 phase-matched cavities (region
bounded by blue line). We will also keep scrutinizing the outlier signals we have
detected so far using measurements with cavities (magnet on/off) and external antenna.
We will also keep improving our analysis methods and apply them for the new data as
well as the existing dataset of total size > 500 TB. We do not plan to extract cavities

from the CAST magnet in short-term.
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Figure 4.19. CAST-CAPP axion parameter space scanning prospects in short-term.
The region bounded by red line is to be scanned by a single cavity and the one with

blue line boundary is to be scanned by 3 phase-matched cavities.

In long-term, we plan to do several hardware improvements which will also require

the extraction of cavities from the CAST magnet:

e Upgrade of the tuning systems including piezo motors inside our cavities to have
a wider tuning range for all cavities as well as a smoother tuning capability. This
change will increase the overall frequency range to ~ 1 GHz and make it possible
to scan a wider range with phase-matched cavities.

e Improvement of the thermal contact of each cavity with CAST magnet to reduce
cavity temperatures. CAST-CAPP temperature sensors read ~7 K, while CAST
cryostat operates at 2 K. There are 2 reasons for this increased temperature:
First is the amplifiers on each cavity which have ~ 1.5 mW (optimized) power

dissipation. Second is the heat dissipation of piezoelectric tuner motors. A better
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thermal contact should bring cavity temperatures closer to 2 K.

e Superconducting coating to the inner surfaces of our cavities to boost the cavity
quality factor up to ~ 10°. Ongoing R&D work in IBS/CAPP (at South Korea)
where high temperature superconductor (HTS) cavities using YBayCuzO;_, tape
on their inner surface keep their superconducting phase even at 8 T (the highest
B-field available during the test). The development of the superconducting cavity,
by attaching HTS tape on the cavity inner surface, will take at least half a year
before it can be implemented. [39]

e Integration of Hall probes near cavities in CAST magnet.
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5. DATA PROCESSING AND ANALYSIS

5.1. From Time Domain to Frequency Domain: Fourier Transform

A function f(z) that is continuous in an interval can be expressed as a super-
position of a set of orthogonal functions that is complete in that interval. Fourier
series utilizes an infinite sum of sine and cosine functions which form a complete or-
thogonal set in interval [—m,7]. Fourier series of a function f(x) which is periodic in
interval [—L/2, L/2] of length L is written as in Equation 5.1 whereas Equation 5.2
is the complex representation of the same Fourier series based on the Euler’s formula

e = cos(x) + isin(z). [40]

We want to decompose our time domain data to its constituent harmonics using
Fourier formalism. To this end, in Equation 5.3, we rewrite Equation 5.2 by trans-
forming the interval [—L/2, /2] — [—7/2,7/2] where 7 is the time length of data,
x — t and 27k/L — 21k/T — wy. Equation 5.4 gives the amplitude of each frequency

component as a function of frequency.

. a4~ 2rkx - . [ 2mkx
) — N e Y 1
flx) = 5 + ,;:1 aCcos ( 7 ) + ,;:1 bisin ( 7 ) (5.1)

o= 5 e (22) o

k=—o0

F&) =" Afwp)e™! (5.3)

k=—00
A _1 ” ekt dt 5.4
)= [ s (5.4)

In the discussion above, we assumed we have a continuous time domain data f(¢).
However, in reality, our data consists of a set of discrete samples of the underlying
continuous function where we take samples with equal time intervals At with sampling

rate (Af)~!. And our aim is to reconstruct that continuous function as good as can
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be in both time and frequency domains using the finite samples at hand. Therefore,
we have f(t) — f(t,) = fn and n = 0,1,..., N — 1 where N is the number of samples
in our data. Frequency amplitudes A(wy) = Ay have the index k = 0,1,..., N — 1 to
denote frequency components resulting from Discrete Fourier Transform (DFT). In this
case, Equations 5.3 and 5.4 are transformed into Equations 5.5 and 5.6 which represent
inverse DF'T and DF'T, respectively. As the equation indicate, having N samples limits
the number of frequencies to N and for the discrete case Equation 5.6 is no longer an

integral.

P

Ake’iQﬂ'k‘n/N (55)

7 2|
=
g

Ak _ fne—iZﬂ'km/N (56)
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=)

5.2. Sampling Theorem

Sampling theorem states that using samples f(¢,), we can fully retrieve the
underlying continuous f(¢) if all of its Fourier series components have frequencies
w/2m = k/T = k/NAt in interval [—v,, v, where Nyquist critical frequency, v, is
half of the sampling rate (At)~! as given by Equation 5.7. That is, to monitor a given
bandwidth Av, we need (At)™' = Av samples per second. As indicated by Nyquist
interval DF'T results in negative and positive frequencies. The diagram in Figure 5.1
manifests the correspondence between index k and frequencies v where the 0 Hz compo-
nent (k = 0) indicates DC offset of time series and £ = N/2 implies Nyquist frequency
v = +tv.. [41]

Ve = —— (5.7)
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Figure 5.1. A diagram of DFT output frequencies.

In case f(t) has some frequency components that exceed Nyquist critical fre-
quency (|wg/2m| > v.) power spectrum of f(t) will be distorted due to aliasing effect.
In order to refrain from disruptive effect of aliasing one should confine DFT input f(¢)
to a frequency bandwidth in the Nyquist interval [—uv,, v.]. This can be done by filter-
ing f(t) to a narrower band or by increasing the sampling rate to broaden the Nyquist

interval.

An intuitive way to understand (inverse) DFT is to examine it as a matrix trans-
formation between 2 vectors f,, <+ A;. Equation 5.8 shows DFT as a matrix transfor-
mation, equivalent of Equation 5.6 where w = ¢~V is the N** root of unity. Execu-
tion of this N x N matrix equation requires N? operations (multiplication followed by
a summation) and computation time by a computer scales with O(N?). Algorithms
that calculate DFT considerably faster than O(N?) are called Fast Fourier Transform
(FFT). For data processing, we use Cooley—Tukey FFT algorithm which computes the
Equation 5.8 with with O(Nlog, V) operations, scaling the computation time from days
to hours. (see Appendix B)

A, 11 1 1 i
Al 1 w w2 . wN—1 fl
Ay | =11 w? w? w?N-1) fo (5.8)

AN*l \1 wN_l w2(N_1) e w(N_1)2 fN*l
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5.3. Zeroth Frequency and Data Detrending

In every FFT spectrum we observe a peak that is exactly at the center (0 Hz)
which is caused by the DC offset in the time domain data as mentioned in Section
5.2. Although it is absent in the diagram of Figure 5.1, DFT (or equivalently FFT)
output involves 0% frequency component which is equal to the DC offset of time-domain
data. A possible solution to get rid of this artificial peak is to detrend the data before
applying FF'T in order to make DC offset naught. Detrending means to fit a line to the
data and subtract it from the data. After detrending, 0 Hz bin in the FFT spectrum

becomes zero. However, there are 2 disadvantages of detrending:

e Amplitudes of several bins around the central bin (0 Hz) are also affected by this
operation and their amplitudes are reduced.

e Total processing time is more than doubled with detrending.

We verified that detrending does not affect the data distribution in the following
steps of analysis. In, conclusion, we decided not to detrend data before FFT. Instead,

we will discard 0 Hz bin from the analysis procedure.

5.4. Data Processing and Noise Characteristics

Raw data structure of CAST-CAPP was mentioned in Section 4.4. After the raw
data is offloaded from RAID system to the local drive and uploaded from the local drive
to CASTOR, the next step is data processing. A custom-made Python program is used
to process raw data. Main function of processing is to convert 1/Q type time series

binary data to human readable arrays of power spectrum by applying Fast Fourier

Transform (FFT).

First, I/Q samples are converted to voltage values by multiplying them with a
scale factor that is recorded in the header file specific to each measurement. Thus we

obtain complex samples z(t) = I(t) +iQ(t) where i = v/—1. Then, we convert time
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domain data to frequency domain using FFT algorithm obtaining z(f). We can use
I/Q or equivalently z to calculate the root mean square (RMS) voltage as given by
Equation 5.9. We can compute RMS power from Vz,ss considering a circuit with 50

Q2 load in units of Watt (see Figure 5.10) and dBm (see Figure 5.11).

P+ 2z
Vems = 5 = 5 (59)

_ Vius _ P+Q* 2z

P — = 1
RMS R 2R 100 (5.10)
PRMS(Watt)
P(dB = F| —_— 11
(dBm) = 10 x logio ( P (5.11)

Complex z samples and underlying complex counterparts I(f) and Q(f) have
Gaussian distribution. This results in y and y? distributions of 2 degrees of freedom
for FFT voltage and power outputs, respectively. Equations 5.12 and 5.13 show the
probability density functions (PDFs) of x and x? distributions.

1 2
2 - -l =222
PDF (x*,r) = T 2) e (5.12)

1
PDF = g"/F e/ 5.13
where 7 specifies the degrees of freedom, I' is the gamma function and x € [0, c0).

Figure 5.2 shows the normalized histograms of voltage and power spectra resulting

from FFT.

Before applying FFT, we divide our dataset into k& chunks of length N such that
each datafile consists of kN samples. N is determined to ensure the desired value of
the resolution bandwidth of the processed spectra, dvp. Time length of an FFT chunk
(1 = At N = N / sampling rate) determines the minimum sine wave frequency we can
fit into it through FFT; therefore it determines the resolution bandwidth of the FE'T
spectrum. Equation 5.14 shows the inverse proportionality relation between the time

length of an FFT chunk and the resulting resolution bandwidth of the FFT spectrum.
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Figure 5.2. Normalized distribution of FF'T voltage and power outputs. FFT power
spectrum displays x? distribution of 2 degrees of freedom. Because it is given by
(Equation 5.10) the sum of squares of 2 normally distributed parameters. FFT
voltage spectrum has y distribution as it is proportional to the square root of the
power spectrum as indicated by Equation 5.9. Baselines of both FF'T power and
voltage spectra were removed before histogramming and distribution functions were

scaled.

Svp = 1 (5.14)
T

In order to obtain dvp = 50 Hz, we set chunk time length to 7 = 0.02s which in
turn corresponds to select N = 0.02s - 6.25M S/s = 1.25 x 10° samples. Considering
that CAST-CAPP records 1-minute datafiles of kN samples, the number of FFT chunks
for each datafile is £ = 1 minute / 7 = 3000. We average these FFT chunks to obtain
an FFT spectrum. Figure 5.3 shows the FFT spectrum of a single chunk and the
average of 3000 chunks. Although each FFT chunk has x? distribution as indicated by
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Figure 5.3. CAST-CAPP FFT spectrum of a single chunk (grey) of 0.02s data and
3000 packs averaged (black) of 1-minute data. Yellow band is the IF filter roll-off.

Figure 5.2, as we average k = 3000 spectra the distribution becomes x? of 2k degrees
of freedom which converges to normal distribution for £ >> 1. Figure 5.4 shows the
distribution of the averaged (k = 3000) FFT power spectra became Gaussian due to

central limit theorem.

Power drop on the edges of the FF'T power spectrum is due to spectrum ana-
lyzer’s IF filter roll-off. These sections are indicated by yellow bands in Figure 5.3.
In analysis, we crop these roll-off data which constitutes 20% of the whole from our

spectra. Therefore, the number of samples in a spectrum becomes N = 10°.

Random fluctuations of power of each bin in a spectrum is called noise. The
baseline of power around which the random fluctuations occur, also called noise floor,

is generally frequency dependent. That is, noise floor can have a shape defined by a
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Figure 5.4. FFT spectrum of 1-minute data as an average of FF'T power spectra of

3000 chunks. Baseline of the spectrum was removed before histogramming.

curve across the spectrum. Shape of the noise floor is redundant in the search for a
signal in the spectrum and therefore removed using a digital filter (explained in Section
5.8). Remaining is Nyquist-Johnson (thermal) noise generated by thermal excitation
of electrons in the conductor. Spectral density of thermal noise is constant throughout
the spectrum for f < 10 THz, therefore it is also called white noise. The average noise
power deposited in a bandwidth Av is given by Nyquist-Johnson noise formula (see
Equation 5.15) as a function of bandwidth and noise temperature, T, in Kelvins where

No = kpTys is the noise power density (Watt/Hz).

Pnoise = /{IBTSAV = N()AV (515)

We are also interested in the standard deviation of the noise power around B, ;se.

We repeat Equation 5.10,
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Pnoise = a5
M - 2R

(5.16)

where the sum is over M samples of measurements and both I and QQ have are normally
distributed as N(0,0). We can rewrite this equation without disturbing the variance

of Pise a8

noise (5-17)
2M 2= 2R
11 1
A= A—py)? =—0o? 1
2R oM QM( 1a)” = 5R0 (5.18)

where A is also a sample from N(0,0) (4, = 0) that we invented to work with instead
of I and Q and we have 2M samples of A. Equation 5.18 is remarkably relates the
mean noise to the variance I/Q samples. [42] A = on where n is a sample of N(0, 1).

Applying error propagation to A2, we see

A?=o"n" — 0% =o'ol =20" (5.19)

where n? is a sample from x*(r = 1) and therefore 02, = 2r = 2. [43] Variance of P,,yse

1S

OP. . 2 1 1 2 9 o2 2
2 2 o notse 2 4
T = Tnoise = 2 ( DA? ) o= (QR QM) 27 = o (2R> (5:20)

2M
Using Equation 5.18, we obtain
2

noise — S Pnoise 2.21
o i (5.21)
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Figure 5.5. Standard deviation of flattened noise spectrum versus data taking time.

Noting v. = 1/2At = N/2t (Equation 5.7) where ¢ is the total integration time and
replacing the number of samples N with its counterpart 2M, we get 2M = 27v..
Bandwidth Av in our spectra is equal to Nyquist critical frequency v., so we can write

2M = 27Av and we conclude on the standard deviation of noise

Pnoise kBTsAV Av
Onoise — - =k Ts — 5.22
VAU t VAVt PV (5.22)

The standard deviation of each noisy bin of width dvp is Tpeise = Proise/ Vovp t.
However, doing the treatment of removing the noise baseline using a filter reduces the
sigma to 0 = 1/y/dvp t. For dvp = 50Hz and t = 60s, we get o = 0.018 which is
exactly what we see in Figure 5.4. Figure 5.5 shows the standard deviation of the

flattened power spectra as a function of the integration time.

Signal-to-noise ratio (SNR) for the thermal noise and a signal of power Py is given

by Dicke Radiometer equation. [44]
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Pg Pg t
NR = = Ve 2
S R Onoise kBTS Av (5 3)

where, t is the integration time. In order to calculate the SNR of an axion signal we

do the conversion Av — Ay, ~ 5 kHz.

5.5. Analysis Overview

We follow mainly the procedure developed by HAYSTAC [30], ADMX [45] and
IBS/CAPP [46] experiments. Still, we make several small-scale modifications on the
procedure in order to increase its compatibility to our data. Brief outline of the analysis

procedure is as follows:

e Start by taking data qualification steps, we qualify each of our datafiles for the
analysis procedure by checking the file specific auxiliary parameters obtained by
the spectrum analyzer, VNA and temperature sensors.

e Scan our spectra for intermediate frequency (IF) interference, meaning parasitic
lines that appear on the same integer index of our spectra independent of the RF
frequency of the measurements.

e Use a digital low pass filter to remove the noise baselines of our processed spectra.

e Scale each flattened spectrum and combine them with vertical weighted averaging
using the RF index to obtain the combined spectrum.

e Generate the grand spectrum by horizontal averaging in order to maximize SNR
of a KSVZ axion that can occur in the spectrum.

e Set a threshold and accept the grand spectrum bins that exceed the threshold as
rescan candidates.

e Scrutinize each candidate in order to verify a possible discovery.

e If none of the candidates survive exclude the corresponding axion-photon coupling

parameter space.
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Table 5.1 shows the number of spectrum bins and resolution bandwidth for all
spectra we generate throughout the analysis procedure. Initials of the spectrum names
are also used as superscripts to specify bin amplitude, mean standard deviation etc.
of the samples from each spectrum. Scale column denotes the horizontal axis of each
spectra we use in our plots and calculations where intermediate frequency (IF) is the
unitless, integer bin index and RF is the radio frequency with Hz unit. Number of bins,
N and the RF resolution bandwidths, dv of each spectrum type is also listed. FFT and
processed spectra are in fact identical, only the IF filter roll-off regions are cropped in

the processed spectrum. So, we may use these names interchangeably.

Table 5.1. An account of the spectra we generate in the analysis procedure.

Spectrum name | Superscript | Scale N Res. BW
FFT - IF 1.25 x 10° 50 Hz
Processed P IF 10° 50 Hz
Flattened F IF 10° 50 Hz
Scaled S IF 10° 50 Hz
Combined C RF | 13.2 x 10° 50 Hz
Rebinned R RF | 4.7 x10° 1.4 kHz
Grand G RF | 4.7 x10° 1.4 kHz

5.6. Data Qualification

We impose several selection criteria on the datafiles and we discard the ones that
do not fulfill those from the analysis procedure. These criteria aim to discriminate the
data affected adversely by mechanical vibrations (that distort tuner positions causing
a shift of tuner frequency, signal amplitude etc), temperature and magnetic field shifts.
We rely on VNA cavity signal transmission measurements and temperature sensor

readings to evaluate the quality of datafiles. We consider the following criteria.

(i) Center frequency of cavity should not shift more than 0.1 MHz during the mea-

surement (see Equation 5.24). We measure the center frequency of the TE;(
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resonance mode before and after every measurement with VNA and we expect

the absolute value of the difference to be distinctly smaller that the cavity width,

vo/Q, FWHM.

Vo, first — Vo.second] < 10°Hz & %g (5.24)
Center frequency is calculated by averaging the 2 points at which cavity resonance
peak on VNA screen intersects the horizontal line at half amplitude (3 dB) of the
resonance peak. This reading is equivalent to the position of the signal maximum
if the cavity resonance peak is symmetric. However, in both cases the first method
that we use is more reliable when cavity signal noise and the mechanical vibrations
are considered.
Quality factor, (), of cavity transmission signal should be in the limits 103 -
4 x 10*. These limits are determined considering the observed values of quality
factors of 4 CAST-CAPP cavities. The most probable Q values are within the
range 10 - 2 x 10
Quality factor shift during a measurement should not exceed 7 x 10® during the
measurement. This limit is determined by an examination of observed values
which concludes that Q shift values above 7 x 103 are very rare.
Cavity resonance amplitude shift during the measurement should not exceed 3
dB. A shift of the resonance amplitude can stem from several origins such as
a mechanical vibration induced shift of the resonance frequency, amplifier gain
fluctuations.
Cavity temperature shift during a measurement should not exceed 3 K. Tem-
peratures of each cavity are measured before and after data-taking. Observed
temperature shifts are mostly below 1 K and not even a single data file is dis-
carded due to this criterion, up to now.
We do not impose a limit on the cavity temperatures in CAST-CAPP as the data
with higher temperatures does not interfere with the analysis quality and in the
analysis procedure such data have lower weight in the analysis procedure. Just
in case a temperature reading fails and returns an unreasonable value we make

sure that cavity temperatures are in range 1 - 273 K.
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Table 5.2. Statistics of datafiles discarded from the analysis of CAST-CAPP data due

to not fulfilling the standards set for qualification. ”Initial” and ”Final” labels

indicate the measurements before and after a measurement, respectively.

Reason of disqualification Number of affected datafiles
Frequency shift during measurement 41
Amplitude shift during measurement 7
Quality factor (initial) 7
Quality factor (final) 11
Quality factor shift during measurement 1993
Frequency mismatch (initial) 25
Frequency mismatch (Final) 31
Amplitude mismatch (initial) 984
Amplitude mismatch (Final) 982
Total 3067

Next three qualifications concern the phase-matched measurements where we

want to minimize the mismatch among the parameters that are discussed below.

(vii)

(viii)

Center frequency mismatch among phase-matched cavities should not exceed 20
kHz for the initial and 80 kHz for the final measurements. Previous studies
show that we can apply phase-matching in CAST-CAPP successfully as long as
the center frequency mismatch is smaller than (vo[GHz]/Q) x 0.42 GHz ~ 100
kHz. [47] We tune the cavities to the same frequency before the measurement
and the initial limit 20 kHz is set considering the intrinsic tuner vibrations in
the order of 10 kHz. We do not actively track and correct center frequencies of
cavities during the measurement, so we set a bigger limit 80 kHz for the end of
the measurement.

Amplitude mismatch among phase-matched cavities should not exceed 1 dB for

both initial and final measurements. Prior to the measurement we adjust the

cavity resonance amplitudes to the same level using adjustable attenuators.
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(ix) Temperature mismatch among phase-matched cavities should not exceed 3 K for
both initial and final measurements. We impose this condition to eliminate a

possible heterogeneous temperature distribution over phase-matched cavities.

Using the criteria above, we have discarded 3067 datafiles out of 126762 from the
subsequent analysis procedure. Table 5.2 shows the number of files disqualified because
of the standards we set. The reason for most of the disqualifications is the mechanical
vibrations about CAST. Remarkably, we did not need to discard even a signal file due

to temperature readings. This implies a good temperature stability in CAST magnet.

5.7. IF Interference Detection

Intermediate frequency (IF) interference is a single bin power excess that is origi-
nated mostly from the receiver electronics or numerical artifacts. Such a contamination
occurs on the bin with the same index within all processed spectra, this makes it easier
the filter out IF interference. Unlike RF interference which occurs on a fixed frequency
instead of a fixed processed spectrum index imitating a prospective axion signal (see
Section 5.14 for a discussion), an IF interference can by no means be mistaken for a

candidate signal.

In order to search for IF interference, we split the whole dataset into 3 groups and
take average of each group according to bin indexes (IF frequency). In order to flatten
these 3 averaged spectra, we use median filter which is a digital filter that iterates over
every bin in the spectrum and replaces them with the median value of the surrounding
bins in a window. We set window length to 100, that is the window spans the 50
bins on both left and right side of each bin. The fact that median filter is blind to
single bin spikes in the spectrum makes it useful for our purpose. We flatten each
three averaged processed spectra by subtracting their median filters from them. Three
flattened averaged spectra have approximately the Johnson-Nyquist (white) noise of
Gaussian distribution. In each spectrum, we label the bins exceeding 5o threshold.

Considering that we have N = 1.25 x 10° bins in processed (FFT) spectra, the
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number of bins expected to exceed this threshold due purely statistical fluctuations is
just 0.04. Labeled bins in each 3 groups are compared and the indexes that appear at
least in 2 of 3 lists are flagged. Thus, we obtain a list of flagged bin indexes that will
be removed from all processed spectra. Lastly, we flag also 2 more bin indexes that are

on the left and the right side of each flagged bins.

On every processed spectrum, we remove the bins with indexes in the flagged bin
list. We have in total 6 bins flagged as contaminated, originating from 2 detected IF
interference. One of the two is due to FF'T Zero-Hertz effect mentioned in Section 5.4.
The other one results from receiver electronics. Since we take multiple measurements
in close frequency ranges and CAST-CAPP cavities are tuned throughout the data-
taking campaign the RF counterparts of flagged IF indexes keep changing and thus all
bins in the combined spectrum have contributions from multiple processed spectra such
that no spectrum bin in the final combined spectrum is empty due to IF interference

removal.

5.8. Flattening Processed Spectra

Processed spectra have a baseline shape affected by the cavity resonance mode
and the amplifier gain profile. In two steps, we flatten the processed spectrum by
removing the noise baseline. First, we utilize Savitzky Golay (SG) filter to reproduce
the baseline of the processed spectra. SG filter is a digital filter that is used widely
for data smoothing. SG filter is composed of least-square fits of low order polynomials
on sample window that moves by one bin at each step of evaluation. At each step,
the center bin of the window is equated to the corresponding value of the polynomial
fit. [48] Since the empty processed spectrum bins that are removed from spectra due
to IF interference would distort SG filter, we replace such bins with the median fil-
ter counterparts of the processed spectrum temporarily to have a successful SG filter
evaluation. Then, we apply SG filter of polynomial order P = 4 and window length

W =1001.
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Figure 5.6. Processed spectrum 1-minute data as an average of FF'T power spectra of
3000 chunks and the SG filter applied to it (upper). Processed spectrum noise

baseline is removed to obtain the flattened spectrum (lower).

To obtain flattened spectrum, we divide the processed spectrum by its SG filter.
And we crop the spectrum parts on both edges that are reflecting spectrum analyzer’s
IF filter roll-off which make up 20% of all samples. Thus, the flattened spectrum has
N = 105 samples that have Gaussian distribution of mean pf" = 1 and standard devi-
ation o = 1/\/% = 1/4/50 - 60 ~ 0.018. Second, we subtract 1 from the flattened
spectrum so that it has mean, u = 0. Figure 5.6 shows the processed spectrum, its SG
filter and the flattened spectrum. Figure 5.4, in Section 5.4, shows the histogram of

flattened spectrum bin amplitudes.

Figure 5.7 shows the transmission function of SG filter in spectrum bin domain
with the parameters we use. 3 dB point of the filter with parameters W = 1001 and
d = 4 sits at ~ 15 dB. Therefore, SG filter is preferred due to its flat pass-band for
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relatively big spectral shapes such as the noise bump and its relatively good stop-band
performance for small scale spectral shapes such as an axion signal. As we do flattening
by dividing each spectrum with its SG filter output, we observe the large scale spectral
shapes are flattened completely and we foresee an axion signal will survive this process

with a small scale attenuation which can be quantified by a simulation.
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Figure 5.7. Transfer function of Savitzky-Golay filter with parameters: Window
length = 1001, polynomial order = 4.

In conventional haloscope analysis, the averaged noise baseline is subtracted from
the processed spectra prior to flattening with SG filter. This does not diminish a spec-
trum bin with axion signal because the averaged noise baseline is calculated according
to IF frequency and the axion signal that has a constant RF value would occur on a
wide IF range and therefore such an RF signal would smoothly spread on IF bins of
averaged noise baseline. However, in our procedure, we calculate the daily combined
spectra and then combine all daily combined spectra to obtain the combined spectrum.

Therefore, we would need to subtract from each processed spectra the average noise
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baseline the corresponding day. Doing this subtraction on a daily basis poses a high
risk of axion signal attenuation. Because, on the days that we do not tune the cavity
resonance frequency sufficiently, the RF location of axion would not be spread on a
wide range on the IF scale of the averaged noise baseline and the averaged baseline
itself may have an axion peak. In this case, subtracting the averaged baseline from
each processed spectrum would remove the positive bins carrying axion power. As a

result, we do not subtract the averaged baseline from processed spectra.
5.9. Combining Multiple Spectra

Until now, our discussion was based on noise characteristics of our spectra. We
should now take into account how an axion signal would come out in our spectra. Axion
signal power in a single CAST-CAPP cavity is given by Equation 5.25. The last two
terms of this equation implies that axion detection power depends on the frequency
v and the frequency distance from cavity resonance mode |v — vy|. That is, an axion
signal amplitude changes across the flattened spectrum. The last term gives the axion

power a Lorentzian profile as expected due to cavity resonance mode shape.

Pavion = 2.2 x 1072 W

(v5) (o) (57) (%) (65 (ametrenn)
(5a

(Lo (L) (20 () 60

At every step of analysis, we will assume that all the axion power will be deposited

in a single bin of the spectrum we work on. That is, we assume axion signal fits in a
bin of v = 50Hz for now. Before combining multiple spectra, we want to scale each
flattened spectrum such that each bin p!” will have mean u!” = 0 except the one with
axion signal which will have u” = 1. Equations 5.26, 5.27 show the scaling relations

for power and sigma values.
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Unitless scaling factor P,ise/Pagion 18 the ratio of Dicke’s radiometer equation
Proise = kT ;0v (see Section 5.4) to axion power. Subscript j denotes different spec-
tra. Noise temperature T ; varies across spectra and axion power Pagion ij varies across
spectra and across the bins in a spectrum. Denominator of the scaling factor ensures
that an axion signal has mean p = 1 in any spectrum bin, whereas the numerator
normalizes the noise power across different spectra and also guarantees the the scaling
factor is unitless. Figure 5.8 shows the scaled spectrum in which each spectrum bin p?

is a sample drawn from normal distribution N(0, ¢7).
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Figure 5.8. Scaled spectrum.

In order to generate the combined spectrum using a set of scaled spectra denoted
by index j, we define a new index k which is the RF equivalent of IF index 7 in scaled

spectra. Equation 5.28 shows the conversion between the IF and RF frequencies.

v=frr=vo— Av/2+40v fiF (5.28)
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where 1 is the center frequency (and also the resonance frequency of the cavity), Av
is the bandwidth (span) and v is the bandwidth resolution of the spectrum. frp is

the unitless spectrum bin index and fgp is the frequency with Hertz unit.

We define combined spectrum bins with their RF index k, instead of 7. pf’; = pfj
if i'" bin of the scaled spectrum corresponds to frequency k. We do weighted averaging
of the scaled spectrum bins pfj that correspond to &' bin of the combined spectrum.
That is, every combined spectrum bin p§ is composed of pfj from my, different scaled
spectra with 7 = 1,2, ..., mg. This process is called vertical averaging (in RF domain).
Figure 5.9 shows how we obtain the combined spectrum through the vertical averaging
of 9 sample scaled spectra. Equation 5.29 show the weighted averaging that result in
combined spectrum power p{ and Equation 5.30 gives the uncertainty propagation for
grand spectrum sigma o values. As provided by Maximum likelihood (ML) method,
Equation 5.31 shows the weights are reciprocal of variances normalized by a sum.
Using ML weights is the best option as it minimized standard deviation, maximizing

signal-to-noise ratio (SNR).

mg
Py = wiy py (5.29)
j=1
mg
of = | D wi; (0F)? (5.30)
j=1
(05,)?
S (5.31)

Zj:l (Ulfj)_Q

Since k index denotes RF center of a bin, (k+1)—k = 50 Hz, resolution bandwidth
of the combined spectrum. RF centers of different scaled spectra may not align. In that
case we shift the RF k values of all scaled spectrum by the smallest possible amount

so that it aligns with k indices of the combined spectrum. Absolute value of this shifts

is 0v/2 = 25 Hz at maximum. That is, —6v/2 < v, < dv/2.
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Figure 5.9. Vertical averaging of scaled spectra demonstrated on 9 sample scaled
spectra. Scaled spectra are aligned according to RF index (top). Weighted averaging
of the scaled spectra with maximum likelihood method (middle) where data in black

and red represent p{ and of. Lower plot shows the normalized combined spectrum

where data in black and blue represent 2§ = p$/o¢ and (0¢)~1.
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Each combined spectrum bin p{ is a sample from Gaussian distribution of y = 0
and standard deviation ¢¢. Only the bin that deposits axion signal power has p = 1
and standard deviation o and SNR (¢¢)~!. To have a standard sample distribution in
the combined spectrum we normalize the spectrum 2 = p{'/o¢. Combined spectrum
of samples z¢{ have p = 0 and standard deviation o = 1 except the bin that deposits
axion signal power which has i = (¢¢)™1, ¢ = 1 and SNR = (¢¢)~!. Figure 5.10 shows

the combined spectrum and its SNR for an axion signal.
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Figure 5.10. Combined spectrum (top black) and its SNR for a prospective axion
signal (bottom blue).

There are 8 peaks in the combined spectrum that exceed 60 which are hard
to explain with statistical fluctuations only. We crop them from the plot for visual

purposes. In Section 5.14, we examine the origins of such outlier signals.
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Figure 5.11. Combined spectrum histogram.

Figure 5.11 shows the histogram for the combined spectrum. As mentioned in
Section 4.6.1, we calculate combined spectra daily to have fast feedback for possible
transient signals. In order to obtain the ”unified” combined spectrum out of all daily

combined spectra, we use Equations 5.29 - 5.31 with pfj, J,fj replaced by pgj, 0,%.

5.10. Grand Spectrum

We want to maximize the SNR of a halo axion signal in the combined spectrum.
This requires rebinning of the combined spectrum bins so that the bin width is com-
parable to the expected width of the axion signal. Following the discussion in Section
2.4, we expect ~ 90% of the axion signal curve to fit in a bin of width dv, = 7 kHz.
However, when scaling the flattened spectra (Equations 5.26, 5.27), we assumed that
the whole axion conversion power is deposited in one bin of those spectra. Apparently,
that assumption exaggerates the SNR of axion signal in the combined spectra. Thus,

we begin with correcting this inaccuracy by multiplying both power and sigma values
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of the combined spectrum by K = 7kHz/50Hz = 140. This leads to p{ — Kp{ and
ol — Kof. Thus, normalized power excess ¢ = p{/c¢ is unchanged and SNR is

scaled as (0¢)™! — (0f)71/K. After this scaling, a combined spectrum bin x¢ that

deposits 1/K of axion power is a sample of normal distribution with u = (¢¢) ! and

o=1.

We rebin the combined spectrum in 2 steps. First, we take weighted average of
K, = 28 adjacent combined spectrum bins using ML weights. This process is called
horizontal averaging. The product of this operation is the rebinned spectrum which
has resolution bandwidth v = 1.4 kHz. Therefore, the total number of bins N¢ in

the combined spectrum is reduced to N¥ ~ N¢/K, in the rebinned spectrum.

The digital low-pass filter (SG) that we use to flatten spectra causes negative cor-
relations among consecutive combined spectrum bins within a range smaller than that
of the filter window. In Section 5.11, we quantify the clements of the correlation matrix
via a simulation. Equations 5.32 and 5.34 give the power and standard deviation of
rebinned spectrum bin as a weighted averaging of combined spectrum bins considering

the elements of the correlation matrix.

(r+1)K,—1
pF = Z wy p (5.32)
k=rK;,
(o) "
Wk R (5.33)
ENENEIE

(r+1)K,—1 k—1
(= > <w,3 (0 +2 ) wywp COV (pgpg,)) (5.34)

k=rK, k'=rK,

where we use RF index subscript r for the rebinned spectrum which is the counterpart
of k in the combined spectrum, to prevent a confusion. Summations in Equations
5.32 and 5.34 are over combined spectrum windows of K, bins. These Equation of

horizontal averaging are equivalent to the Equations 5.29-5.31 of vertical averaging to
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construct the combined spectrum. The difference (the second term in the summation
of Equation 5.34) is due to the correlations of the neighboring bins in the combined
spectrum because of SG filter. The approximate sign in Equation 5.33 implies a higher
order deviation from the equality (negligible for our case) due to those correlations.
The horizontal averaging of the combined spectrum results in the rebinned spectrum
with bins 2 = pZ/ol that are samples drawn from a normal distribution N(0,1),

except the bins that deposit 1/K, of axion power which are samples of N((cf)~*,1).

In order to attain the grand spectrum, we apply a window function that has the
shape of first Ay, = 7 kHz of the axion power curve in lab frame (see Section 2.4)
excluding its tail to the rebinned spectrum in windows of K, = 5 bins. To find the
weights for each bin, we integrate the axion lineshape within the boundaries of each
bin. Equation 5.35 gives the integral for each bin for ¢ = 0,1, ..., K, — 1, and even
though frq is normalized, there is K, multiplier to ensure grand spectrum bins have
1t = 1. In each K 4-bin boxes we first normalize bins for the axion lineshape. That is, we
divide p2 and o with corresponding L,. Equation 5.36 is the equivalent of Equation
5.32 for the grand spectrum as a summation over K, bins that are normalized by L,.
Equation 5.38 depicts the standard deviation of bins corrected for the SG filter induced

correlations.

Va+(g+1)ovy
Ly =K, frap(v)dv (5.35)
Va+qovy
g=Ky4—1
p? = Z Wrq prrq/Lq (5.36)
r=g, q=0

(@i—q/Lq)_2

Soo | (0fy/Ly) 2

~

'U)/r_;'_q ~

(5.37)

q=K4—1 q—1
(‘7_(?)2 = Z <w7%+q (‘75+q>2 +2 Z Wy g qWrpqg COV (pﬁrqapﬁrq')) (5.38)

r=g, ¢=0 q'=0
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where the subscript ¢ is the RF index that is the equivalent of r for the rebinned
spectrum and k for the combined spectrum. Figure 5.12 depicts the grand spectrum

(black) and its SNR (blue). Figure 5.13 shows the distribution of the grand spectrum.
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Figure 5.12. Grand spectrum (top, black) and its SNR for a prospective axion signal
(bottom, blue).

5.11. A Simulation to Account for Grand Spectrum Correlations
We conducted a simulation to account for the reduction of standard deviation of
grand spectrum data. This simulation confirmed that this reduction effect stems from

the Savitzky-Golay (SG) filter used to flatten the processed spectra.

In each 10? iteration of the simulation, we followed the algorithm below.

(i) Create n = 100 Gaussian noise spectra of N¥ = 1.25 x 10° bins with x4 = 1 and

o= (AvP . 7P)71/2 = 0.018 using a random number generator.
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Figure 5.13. Grand spectrum histogram.

(ii) Multiply these spectra with random sample spectrum baselines derived from the

experimental processed spectra to obtain the simulated processed spectra (SPS).

To create sample spectrum baselines, first, we average 50 processed spectra, sec-
ond, remove contaminated bins and last, apply SG filter window size (in terms of
bins), W = 1001 and polynomial order, P = 4. This filter serves as a sample spectrum

baseline. We created 1000 such sample baselines for this simulation.

The next step is to obtain simulated flattened spectra (SEFS) from SPS. We follow
the steps below to this end.

(iii) Divide SPS by the average spectrum baseline.

(iv) Trim the symmetrical excess parts on both edges of SPS where amplifier profile
distorts the data. The resulting spectra will have N¥ = 10°.

(v) Apply SG filter with W = 1001 and P = 4 to SPS.
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(vi) Divide SPS by the resulting SG filter.
(vii) Subtract 1.

These steps give us n SFS per iteration. We continue processing SF'S spectra as

follows.

(viii) Average n SFS according to IF index without weighting to obtain the simulated
combined spectrum (SCS) with 1 =0, 0 = (AvF - 7. n)71/2,
(ix) Average horizontally every NT/N® = 28 bins to obtain the simulated rebinned
spectrum (SRS) with dv® = 1.4 kHz.

We simulated 10* SCS and SRS to compute the SG filter induced correlations
among the adjacent bins of SCS and SRS separately using equations 5.39 - 5.41 where
indices i and j denote iteration and IF index of both SCS and SRS. Equation 5.39
indicates that the covariance of any 2 bins of SCS or SRS depend only on the bin
distancing Aj. Equation 5.40 can be simplified to 5.41 as the expected value of any
bin of both SCS and SRS is u = 0.

= ((wij — (@i j)i)(@igra; — (Tijras)i))i (5.40)
R (Tiyj Tijing)i (5.41)

We tested the simulation to verify the null hypothesis by excluding the spectrum
flattening with SG filter from the procedure, therefore, bypassing steps (ii)-(vii) of the
procedure above and creating SFS directly from step (i). In this case we observed no

correlations among SCS or SRS bins.

Simulation results shows that the variation of the covariance of SCS bins for
Aj < 28 is negligible. Figure 5.14 displays the variation of covariance is SCS for
0<Aj < 28.
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Figure 5.15. Covariance distributions among SRS separately for bin spacing = 1, 2, 3,

4 denoted by colors. Color code: Green for Aj = 1, blue for Aj = 2, yellow for

Aj = 3, Magenta for Aj = 4.
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Figure 5.15 shows the histograms and underlying Gaussian fits of COV (Aj) for
Aj =1,2,3,4. The general effect of spectrum flattening through SG filter is induction
of negative correlations among the adjacent bins of SCS and SRS. Negative correlations
decrease with increasing bin spacing as indicated by Figure 5.15. We expect a cut-off
RF spacing Af, such that we no longer observe correlations for Av,W > Af.. This is
because SG filter is based on polynomial fits within windows of IF width equal to W.

We have applied the result of this simulation to the actual data in order to correct
the change of the rebinned and grand spectrum standard deviations due to SG filter
induced bin height correlations. Without the correction, the standard deviation of the
rebinned and the grand spectra are o = 0.95 and ¢¢ = 0.74. With the correction
rebinned spectrum sigma becomes o = 0.99. When we calculate the grand spectrum
(without the correction) using the corrected rebinned spectrum, we get 0@ = 0.78.
And when we calculate the corrected grand spectrum using the rebinned spectrum
that is not corrected, we get 0¥ = 0.91. For our analysis, we use the corrected grand
spectrum which is calculated using the corrected rebinned spectrum. In this case we

get 0% = 0.96.

5.12. Threshold for Candidate Selection

An axion signal should show up as spectrum bin(s) with positive excess power.
Following the analysis procedure, we first set a target SNR for the axion search. Specit-
ically, we choose SNRy = 5. That is, we set a minimum condition for an axion of KSVZ
coupling in our grand spectrum to fulfill for our hypothesis testing procedure. As a
function of the target SNR and the desired confidence level (CL) we set a threshold
for candidate bin selection and we label each bin of height exceeding the threshold as

axion candidates.

Figure 5.16 shows distribution of hypothetical bins that accommodate axion sig-
nal of the target SNR for our hypothesis test as compared to the distribution of the

bins of noise only. Horizontal axis is the bin amplitude in the grand spectrum. Dashed
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blue line shows the target SNR (SNR7) whereas the red dashed line gives the threshold
of candidate selection. Spectrum bins with noise only are samples of the green normal
distribution with mean=0. The spectrum bins that possess the axion signal power are
samples drawn from the blue Gaussian distribution with the same standard deviation
(% = 1) but mean = SNRy. Brown and green regions give the percentages of false
negative and false positive, respectively. Confidence level of axion detection is given by
the area under the Gaussian PDF of the bin with axion signal (blue) on the right side
of the threshold. That is, the sum of blue and green colored areas yields the confidence

level.

= Noise

= Noise + Axion
== Target SNR
== Threshold
== Mean noise
Il False negative
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Gaussian PDF

X

Figure 5.16. Hypothesis testing in search of the axion signal in grand spectrum.

Equation 5.42 gives the threshold © as a function of the SNRy and the cumulative
distribution function (CDF) of the bins that possess axion power (Blue curve in Figure

5.16) assuming non-zero SNRy.
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© = 2SNRy — CDF'(CL) (5.42)

where CDFg is the CDF of the signal distribution. With SNRy = 5 and CL=90%, we
obtain threshold © = 3.72. Green area in Figure 5.16 represent the candidate bins in
the spectrum that we aim to scrutinize by rescanning. The actual number of rescan

candidate bins n¢ in our grand spectrum is

nc = N¢(1 — CDFy(0©)) (5.43)

where C'DFly is the CDF of the noise distribution. And the expected number of grand

spectrum bins that exceed threshold is ng ~ 45. The actual number is no = 41.
5.13. Exclusion

Rescan analysis of our candidate signals is still ongoing. As a preliminary result
we create an exclusion plot where we do not take into account the narrow frequency
windows around the outlier signals that we still investigate. In Section 5.12, we ex-
plained that we expect an axion with KSVZ coupling gX"# to have signal-to-noise
ratio SNRy (ngVZ)Z. In reality, each grand spectrum bin has SNRg:(crg)_1
where the subscript ¢ is the RF index for the grand spectrum. Given this set of SNRs,
for each grand spectrum bin we can exclude axion couplings higher than a minimum

min

9"

. SNRy
|.q'y |g = (O_G)_l |.,(]'€{SVZ| (544)
g



85

Figure 5.17 shows the preliminary exclusion results for CAST-CAPP. The vertical
axis gives |g"""[,/|gXV 7| therefore KSVZ axion-photon coupling is indicated by the
dashed black line at y=1. Narrow frequency windows around the outliers that are
discarded from this plot are not visible to eye. The yellow band indicates the parameter

space for theoretically expected axion-photon couplings.
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Figure 5.17. Axion-photon coupling exclusion plot for CAST-CAPP data.

Minimum coupling |¢2*"|, in our spectrum ranges from ~ 10% to 20 |gX5V7|.
Narrow spikes on the plot are due to fixed frequency measurements. Time required to

attain a [g7""| scales with the fourth root of time.

1 1 1

mn = — 5.45
|g'y |9 X \/(0_5)_1 \/SNRQ X $1/4 ( )




86

5.14. Axion Candidates

CAST-CAPP is the first axion haloscope that intentionally searches for axion
streams in addition to galactic halo axions. For these two searches we have different
procedures of handling analysis results, scrutinizing outlier signals and excluding ax-
ion mass-coupling constant parameter space. Both galactic halo and streaming axion
searches assume that the axion mass is unknown. The big difference between the two
methods is that the search for the virialized axions estimates the axions have a velocity
distribution determined by Maxwell-Boltzmann (see Section 2.4), whereas the veloc-
ity distribution for streaming axions is another unknown. Moreover, streaming axion
signals are expected to be transient in daily scale. This distinction between the two
searches is the reason we separate the candidate examination and exclusion procedures.
We apply the following procedure that is still in progress to identify such outlier that

exceed the threshold set as explained in Section 5.12.

For galactic halo axions we consider the grand spectrum which is optimized for
axion signals of width 5-7 kHz. We observe two types of outliers in the grand spectrum.
First kind of candidates have reasonable amplitudes and are likely to be explained by
the statistical fluctuations of noise. For such candidates only possible scrutiny is to
rescan the narrow frequency intervals around them in order to increase the statistics.

If any candidate survives the rescan analysis, we do the following investigations:

e Rescan the corresponding frequency with the same and with different cavity(ies).

e Study the widths and shapes of the possible candidates and compare them to
those of the expected axion signal ( 5-7kHz width).

e If a signal candidate persists then we study its magnetic field dependence com-

paring B=ON with B=OFF.

The second kind of candidates are rare but have big amplitudes that are unlikely
to stem from statistical luctuations. We assume that this kind is likely originate from

electromagnetic interference (EMI). In the beginning of our analysis procedure, we
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search for and discard IF EMI (see Section 5.7) but RF EMI are likely to survive that
quality check and contribute to our analysis. Still, we do not discard such unexpectedly
large outliers and investigate for the small probability of transient axion signals. The

following steps are undertaken to scrutinize such outliers:

e Study the time dependence of the outliers.

e Examine the frequency range in which the outlier is in the combined spectrum.
Combined spectrum has a resolution bandwidth of 50 Hz, thus may reveal the
shape of the signal. Most of the time a peak of width several hundred Hz might
originate from a very sharp peak ~50 Hz in the combined spectrum.

e Compare the cavity data with the data taken by the external antenna. An EMI
parasite is likely to show up in both channels. We cross-check whether the peak
frequency of an outlier coincides with the environmental background measured in

July 2020. In such a case the specific outlier is discarded as EMI/EMC parasite.

Specifically, for streaming axions or mini-clusters we consider the daily combined
spectra that has a much higher resolution with a 50 Hz bin width. For this case we
do not consider the threshold for the grand spectrum. Instead, we apply a rough 5o
threshold to the daily combined spectra. We have gathered up to now more than 500
TB of raw data in the complex time domain, which eventually will allow us to run a
frequency analysis with bandwidths as low as 1 milli-Hz or less. This has the potential
to statistically reveal single (axion-related) microwave photons per second with the
current CAST setup. In this case we are sensitive to an axion signal width which can
be much smaller than that for conventional halo axions; in addition, depending on the
gravitational alignment, signals may show up for a short period of time. For their

identification we follow the steps below additionally:

e Analyze daily our data taken and plot the daily combined spectra in all cavity(ies)
configurations in order to check for occasional power excesses.
e Study outlier daily signals over time in case of multiple Earth crossings by

streams.
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6. CONCLUSION

After 20 years of successful operation as an axion helioscope, searching for solar
axions, CAST is now evolving into an haloscope that hunt for galactic halo axion that
is also good candidates for the dark matter. CAST-CAPP is one of the 2 haloscope
experiment in CAST and has been operating in the last 2 years. With the ongoing
hardware improvements CAST-CAPP is a promising experiment in competitive search
for the axion. With 4 tunable cavities that can be operated single or in phase-matched
state CAST-CAPP is scanning 19-22 peV axion mass range corresponding to 4.7-5.4
GHz RF band. With the axion candidate scrutiny still in progress, preliminary results

of data analysis indicate that CAST-CAPP is currently able to exclude axion-photon

KSVZ

couplings down to ~ 20 X g,

in its operation range.
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APPENDIX A: AXION LINE SHAPE

Galactic halo axion signal shape depends on its energy distribution over frequency
space. Assuming that particle energies for virialized halo axions is dominated by their
mass, we will apply classical ideal gas formalism to find the frequency distribution of
virialized halo axion. Normalized probability distribution function (Equation A.2) for

particle momenta is given by Maxwell-Boltzmann distribution. [49]

p:c + 1} +pz .
/// 61’]9( 5 le >dpxdpydpz:(27rk:BT)5/2 (A1)

i prrp P\ 4
F (Do Dy, p2)d° P = Z€$p< “omkgT )d (A.2)
2
= (2rmkpT)*?exp <—2kaT) p*dpsind db d¢ (A.3)
2
f(p)dp = Ax (2rmkpT) =3 2exp (— QmIZfBT) p2dp (A.4)
f(EYdE = 4n(2nmkT) % *mv2mEe t/* TR (A.5)

= 2(kgT) %2 BT\ /B IndE

Equation A.1 gives the partition function Z as an integral over momenta p,, p,
p. in 3-dimensional space. We benefit from the spherical symmetry of momentum space
to write the infinitesimal volume d37 in terms of dp, polar and azimuthal angles in
momentum space (Figure A.3). We integrate over these angles to find the distribution
for the absolute value of momentum (Figure A.4). We use the classical dispersion
relation dE = (p/m)dp to obtain the distribution function for energy (Figure A.5).
Using the probability distribution function we calculate the expected values for energy

(Equation A.6) and velocity squared (Equation A.7).
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(B) — / Ef(E)dE - ;kBT (A.6)

(v*) = 3kpT/m, (A.7)

For the discussion above, we used arguments of classical statistical mechanics
only. Therefore, we considered E as the kinetic energy. We should also take the rest
mass m, of the axion into account. Total energy of the axion is given by Figure A.8

where we also used Planck’s equation to relate particle energy to frequency.

Erota = (E) +mac® = hv (A.8)
hvg = mac? (A.9)
(E) = h(v —va) (A.10)

The minimum value of axion energy is limited by its mass, m,, which also imposes
a minimum limit for the axion frequency, v,, given by Equation A.9. In order to
obtain the distribution function for axion signal over frequency space, we manipulate
Equation A.5 using Equations A.7, A.9, A.10 and the relation dE = hdv. Equation
A.11 shows the distribution function for frequency where (5%) = (v?)/c*. Root mean

square (RMS) velocity of the galactic halo in the rest frame of Milky Way is vrys =

V (v?) = 270km/s. [29]

fw)dv = 2 ( 5 )3/2\/V v e:z:p( 3<V_Va))du (A.11)

VT \va(6?) ’ va(0?) ’
Calculations above are valid for an inertial observer (or a detector) in galactic
frame. However our lab (earth) is also moving around the galaxy with velocity ¥ . =
T sun + Uorbital + U rotational Where the speed of the sun with respect to galactic frame

Vsun ~ 230km/s, Earth’s orbital speed around the sun v ~ 30km/s and the

rotational speed of the lab around the earth v,.pationat < 0.5km/s. Since the directions
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of these vectors are not constant ¥4 varies in time. In lab frame, axion velocity is
T4 =T — Ura. For our experiments on earth, we should consider the distribution
function in laboratory frame. In the lab frame, the distribution function for energy
becomes Equation A.12. [29] Here, 7 = vpu/vrms = 0.85 is the ratio of the velocity
of lab (earth) with respect to the galactic rest frame to RMS velocity of galactic halo.
Distribution function for frequency is given by Equation A.13. [30] RMS velocity of
DM axion halo in lab frame becomes v, gpyrs = \/@ ~ 350km/s.

Fo(E)IE =25 (=Bv2,, — 2BE/my) sinh(2Bvrw(2E/m,)?)dE  (A.12)

fra(v)dv = V/6/m erp (—3—72 = M) sinh <37’ M) dv  (A.13)

2 va(B?) va(B?)
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APPENDIX B: FAST FOURIER TRANSFORM

Algorithms that calculate DFT considerably faster than O(N?) are called Fast
Fourier Transform (FFT). Such algorithms are being developed since Carl Friedrich
Gauss (1805). The most common of such algorithms is Cooley—Tukey algorithm which
is computed in O(Nlogs N) operations by recursively dividing the dataset of length N
in to sets of length N/2, N/4,... and applying DFT. [50] What makes this technique
feasible is that we can write a DFT of length N as a sum of DFTs of length N/2 as
shown in Equation B.2 where we write Ay array as a summation of 2 arrays made up
of even and odd indexed components of Aj. Although Ay cyen, and Ay cyen, are of length
N/2 we can still use index k because both are periodic in k, that is A ¢pen, = A N/2+1,even
for example. This property of DFT is called Danielson-Lanczos Lemma which we can
recursively apply until we get summations (as Equation B.1) of length 1, that is £ = 0.
So, we obtain N Danielson-Lanczos (DL) numbers such as A even/odd...even jeven that
are DFTs of f,. For a vector of length 1 (a number), DFT matrix is just the identity
operator. Therefore Ay cven/odd...cvenjeven = fn for some n. We should figure out for what
combination of even/odd which n we get. Let us call each single DL number by an index
j=0,1,...,N — 1. We want to match every single A’ to an f,. The correspondence
between these two is given by bit reversal permutation of f,, vector of length N. That
is, we give all f,, a binary code of logs N bits in order 0...001,0...010,...,1...10,1...11
(assuming the ideal case of FFT where N is a power of 2) and we arrange f,, in for

bit-reversed order. Thus, bit-reversed f, becomes f7 and f/ = A7 for all j indices. [41]

N-1
Ak — w—knfn

n=0
N/2-1 N/2—1

_ Z w 2knf2n+ Z w k(2n+1)f2 "
n=0 n=0
N/2—-1 N/2—-1

_ Z w—?knf2n+w—k Z w—anf2n+l (Bl)

n=0 n=0
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Ak - Ak,even + w_kAk,odd (BQ)

In summary, FFT begins by equating the bit-reverse ordered input data ar-
ray to A’ array. Then, benefiting from Danielson-Lanczos Lemma we perform com-
bined DFT on A’ in groups of size 2,4,..., N/2, N increasing at each step, the final
steps being Equation B.2. The number of couple combinations at each step go like
N/2,N/4,...,2,1. Total number of combinations is N(1/2 +1/4+...) = N. And in
total there are loga N steps. Therefore, FFT requires O(Nlog,N) operations.
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figures without making a change.
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right. You can freely download and use the high-resolution version of these files,

2https://www.nature.com/articles/nphys4109
3http://creativecommons.org/licenses /by /4.0/
4https://cds.cern.ch/record /708949
Shttps://cds.cern.ch/record /2110146
Shttp://cds.cern.ch/help/high-res-multimedia



101

provided you agree and respect the conditions of use.
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