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6.9. RESULTS
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σ/σ=µBest fit 
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Fig. 6.34: The fitted values of the signal-strength parameter µobs
EWVVjj for the 0-, 1-, and 2-lepton channels

and their combination (left) and scan of the negative log-likelihood, −2 lnΛ, for the signal-strength of

the EW VVjj production (right) are shown. In the left plot, the individual µobs
EWVVjj values for the lepton

channels are obtained from a simultaneous fit with the signal-strength parameter for each of the lepton

channels floating independently. The probability that the signal-strengths measured in the three lepton

channels are compatible is 36%. In the right plot, the solid upper black (lower blue) line represents the

observed (expected) value including all systematic uncertainties, whereas the dashed upper black (lower

blue) line is for the observed (expected) value without systematic uncertainties (lower and upper refer

here to the position of the lines in the legend).

Table 6.24: Summary of predicted and measured fiducial cross-sections for EW VVjj production. The

three lepton channels are combined. For the measured fiducial cross-sections in the merged and resolved

categories, two signal-strength parameters are used in the combined fit, one for the merged category and

the other one for the resolved category; whereas for the measured fiducial cross-section in the inclusive

fiducial phase-space, a single signal-strength parameter is used. For the SM predicted cross-section, the

error is the theoretical uncertainty (theo.). For the measured cross-section, the first error is the statistical

uncertainty (stat.), and the second error is the systematic uncertainty (syst.).

Fiducial phase-space Predicted σfid,SM
EWVVjj [fb] Measured σfid,obs

EWVVjj [fb]

Merged 11.4± 0.7 (theo.) 12.7± 3.8 (stat.) +4.8
−4.2 (syst.)

Resolved 31.6± 1.8 (theo.) 26.5± 8.2 (stat.) +17.4
−17.1 (syst.)

Inclusive 43.0± 2.4 (theo.) 45.1± 8.6 (stat.) +15.9
−14.6 (syst.)
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Fig. 6.25: Comparisons of the observed data and expected distributions of the BDT outputs of the 0-

lepton channel signal regions: (a) high-purity and (b) low-purity merged signal regions; (c) the resolved

signal region. The background contributions after the likelihood fit are shown as filled histograms. The

signal is shown as a filled histogram on top of the fitted backgrounds normalized to the signal yield

extracted from the observed data (µ = 1.05), and unstacked as an unfilled histogram, scaled by the factor

of 30. The entries in overflow are included in the last bin. The middle pane shows the ratios of the

observed data to the post-fit signal and background predictions. The uncertainty in the total prediction,

shown as bands, combines statistical and systematic contributions. The bottom pane shows the ratios of

the post-fit and pre-fit background predictions.
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5.2. WEAK VECTOR BOSON IDENTIFICATION

A simple solution is that one uses an energy for a calorimeter jet (reconstructed from topo-cluster) and

an angle for a track jet for a given jet. In general, a mass of a track jet is lower than the one for a truth

jet by missing neutral particles in a given jet. The neutral particle fraction is correlated to the pcalo
T /ptrack

T

where pcalo
T and ptrack

T stand for pT for given calorimeter and track jets, respectively. As a result, a strong

correlation between pcalo
T /ptrack

T and mass emerges for a given track jet mtrack as shown in Figure 5.13.
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Fig. 5.13: A population for W jets on the mtrack and pcalo
T /ptrack

T plane. A median for the W jets

population for each mtrack bin (black marker with RMS as error bar) is compatible with the 80.4/x curve

(red line).

The correlation shown in Figure 5.13 implies that the track assisted (TA) mass has potential to be a better

resolution than the mass of a calorimeter jet (calo mass). The TA mass is defined as

mTA =
pcalo

T

ptrack
T

·mtrack, (5.17)

where mTA represents the track assisted mass. Correspondences between a calorimeter jet and tracks are

mapped by the ghost association technique2) [89].

The TA mass resolution is better than that of the calo mass at pT > 1 TeV as shown in Figure 5.14,

however, ones at pT < 1 TeV are worse. This is because a track pT resolution is worse at a lower pT

range as mentioned already. A simple solution to improve resolutions at low pT ranges is combining the

2)Large-R jet constituents (topo-clusters) and tracks with an artificial four-momentum, (pT, η,φ, E) = (0, ηtrk,φtrk, 0), are

simultaneously clustered with anti-kt R = 1.0 algorithm (the tracks are not affected to the jet reclustering because of zero

momentum). Then the tracks included in the reclustered jet are judged as to be associated tracks.
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Strong CP Problem & PQ solution
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Non zero  → T (CP) violationd
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→ :  BSM must existθ̄ < 10−10

Figure 3: “Sombrero” potential of the Peccei-Quinn field F is shown schematically before (left) and after
(right) the QCD phase transition. The axion corresponds to the angular direction of this potential. The
potential on the right is shown for the case of colour anomaly N = 4.

Similar phenomena of “spontaneous symmetry breaking” are central to our understanding of many areas of
macroscopic physics, such as superconductivity, and there are also examples in particle physics, such as the
Higgs mechanism for generating particle masses.

To visualize spontaneous symmetry breaking, consider a ball rolling in the “sombrero” potential shown
on the left of Fig. 3. If the ball has enough energy (as at high temperature), it is able to roll over the hill in
the potential and occupies equally all areas of the circular valley in the “brim” of the potential. Now imagine
that the ball loses energy (as at low temperature), slows down and comes to rest. It will choose at random
to sit in one particular position in the potential well - even though every position in the circular minimum
of the potential well is exactly equivalent. This arbitrary choice is spontaneous symmetry breaking. Notice
now that, while it would take a lot of energy to get the ball over the potential hill again, we can push the ball
around the circle of the potential well with the smallest of nudges. This is a generic feature of spontaneous
symmetry breaking. In particle physics, it corresponds to the appearance following spontaneous symmetry
breaking of a massless particle, which is called a Nambu-Goldstone boson [18, 19]. The Nambu-Goldstone
boson of the spontaneously broken Peccei-Quinn symmetry is the axion. It is represented by a field, a, which
is proportional to the problematic q angle of the strong-CP problem, making the angle dynamical rather than
a fixed and mysterious constant. (Achieving this remarkable theoretical sleight of hand is described briefly in
what follows, and in more detail in the Supplemental Material.)

We have not yet solved the Strong CP problem, as the massless axion field could a priori take any value.
The next part of the story is the QCD phase transition (strictly speaking, a cross over) that occurs as the
temperature falls. When it is sufficiently low, QCD becomes strongly-coupled and confines quarks and gluons
into the bound-state protons, neutrons and other hadrons that we see today. This phase transition breaks the
PQ symmetry by distorting the sombrero potential as seen on the right in Fig. 3 for the case N = 4. The
potential now has discrete minima and the energy is minimised by the axion field taking the value of one
of these minima. Thus, after the QCD cross over, the axion field rolls to the newly created minimum point,
which is where the contribution of q̄ to the neutron EDM vanishes, setting the net neutron EDM to zero. (The
reason this minimum has the right CP properties is discussed in the Supplemental Material.) Notice that now,
to make the ball move around the sombrero potential we would need to push it away and up from its minimum
point. The energy required to move the classical axion field a small distance away from the minimum can be
modelled as an effective potential V (a) = m

2
a
a

2/2. Upon quantisation, we interpret the parameter ma in the
classical potential as the mass of the axion particle.

The axion mass can be computed in terms of well-understood physics of the strong nuclear force by
considering the axion mixing with the neutral pion - a bound state of quarks with the same quantum numbers
as the axion. The axion’s interactions with the neutral pion mean that the pion’s mass generates a small mass
for the axion - this effect is only possible because the axion and the pion have the same quantum numbers.
This leads to the following relation for the axion mass ma:

ma fa ⇠ mp fp , (3)

where fa is proportional to the energy at which the PQ symmetry is spontaneously broken, mp is the pion

6

Figure 3: “Sombrero” potential of the Peccei-Quinn field F is shown schematically before (left) and after
(right) the QCD phase transition. The axion corresponds to the angular direction of this potential. The
potential on the right is shown for the case of colour anomaly N = 4.

Similar phenomena of “spontaneous symmetry breaking” are central to our understanding of many areas of
macroscopic physics, such as superconductivity, and there are also examples in particle physics, such as the
Higgs mechanism for generating particle masses.

To visualize spontaneous symmetry breaking, consider a ball rolling in the “sombrero” potential shown
on the left of Fig. 3. If the ball has enough energy (as at high temperature), it is able to roll over the hill in
the potential and occupies equally all areas of the circular valley in the “brim” of the potential. Now imagine
that the ball loses energy (as at low temperature), slows down and comes to rest. It will choose at random
to sit in one particular position in the potential well - even though every position in the circular minimum
of the potential well is exactly equivalent. This arbitrary choice is spontaneous symmetry breaking. Notice
now that, while it would take a lot of energy to get the ball over the potential hill again, we can push the ball
around the circle of the potential well with the smallest of nudges. This is a generic feature of spontaneous
symmetry breaking. In particle physics, it corresponds to the appearance following spontaneous symmetry
breaking of a massless particle, which is called a Nambu-Goldstone boson [18, 19]. The Nambu-Goldstone
boson of the spontaneously broken Peccei-Quinn symmetry is the axion. It is represented by a field, a, which
is proportional to the problematic q angle of the strong-CP problem, making the angle dynamical rather than
a fixed and mysterious constant. (Achieving this remarkable theoretical sleight of hand is described briefly in
what follows, and in more detail in the Supplemental Material.)

We have not yet solved the Strong CP problem, as the massless axion field could a priori take any value.
The next part of the story is the QCD phase transition (strictly speaking, a cross over) that occurs as the
temperature falls. When it is sufficiently low, QCD becomes strongly-coupled and confines quarks and gluons
into the bound-state protons, neutrons and other hadrons that we see today. This phase transition breaks the
PQ symmetry by distorting the sombrero potential as seen on the right in Fig. 3 for the case N = 4. The
potential now has discrete minima and the energy is minimised by the axion field taking the value of one
of these minima. Thus, after the QCD cross over, the axion field rolls to the newly created minimum point,
which is where the contribution of q̄ to the neutron EDM vanishes, setting the net neutron EDM to zero. (The
reason this minimum has the right CP properties is discussed in the Supplemental Material.) Notice that now,
to make the ball move around the sombrero potential we would need to push it away and up from its minimum
point. The energy required to move the classical axion field a small distance away from the minimum can be
modelled as an effective potential V (a) = m

2
a
a

2/2. Upon quantisation, we interpret the parameter ma in the
classical potential as the mass of the axion particle.

The axion mass can be computed in terms of well-understood physics of the strong nuclear force by
considering the axion mixing with the neutral pion - a bound state of quarks with the same quantum numbers
as the axion. The axion’s interactions with the neutral pion mean that the pion’s mass generates a small mass
for the axion - this effect is only possible because the axion and the pion have the same quantum numbers.
This leads to the following relation for the axion mass ma:

ma fa ⇠ mp fp , (3)

where fa is proportional to the energy at which the PQ symmetry is spontaneously broken, mp is the pion

6

Existence of PQ symmetry  
solves the Strong CP problem

θ̄ = 0θ̄

PQ symmetry breaking QCD cross over

Robert Peccei Helen Quinn

added  in SM 
 

UA(1)

θ̄ ∝ a(t, x)E d E d

Time 
trans. 

ℋ = − d ⋅ E

Neutron



5

“invisible” Axion Dark Matter
PQ symmetry breaking→ NG-boson, Axion  Weinberg, Wilczek `78

Mass of Axion: ma ≃ mπ fπ
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Pre-InflaIonary	Axion	
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FIG. 1: Mass ranges for dark matter and mediator particle candidates, experimental anomalies,
and search techniques described in this document. All mass ranges are merely representative; for
details, see the text. The QCD axion mass upper bound is set by supernova constraints, and
may be significantly raised by astrophysical uncertainties. Axion-like dark matter may also have
lower masses than depicted. Ultralight Dark Matter and Hidden Sector Dark Matter are broad
frameworks. Mass ranges corresponding to various production mechanisms within each framework
are shown and are discussed in Sec. II. The Beryllium-8, muon (g � 2), and small-scale structure
anomalies are described in VII. The search techniques of Coherent Field Searches, Direct Detection,
and Accelerators are described in Secs. V, IV, and VI, respectively, and Nuclear and Atomic Physics
and Microlensing searches are described in Sec. VII.

II. SCIENCE CASE FOR A PROGRAM OF SMALL EXPERIMENTS

Given the wide range of possible dark matter candidates, it is useful to focus the search
for dark matter by putting it in the context of what is known about our cosmological history
and the interactions of the Standard Model, by posing questions like: What is the (particle
physics) origin of the dark matter particles’ mass? What is the (cosmological) origin of
the abundance of dark matter seen today? How do dark matter particles interact, both
with one another and with the constituents of familiar matter? And what other observable
consequences might we expect from this physics, in addition to the existence of dark matter?
Might existing observations or theoretical puzzles be closely tied to the physics of dark
matter? These questions have many possible answers — indeed, this is one reason why
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Wavelike Dark Matter
, ,    (mean DM distance)ma = )(1) μeV/c2 ρa ∼ 0.45 GeV/cc λde Broglie = )(100) m ≫ d̄DM
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Wavelike Dark Matter

va ∼ 10−3c

O(100 m)

tc ∼ 1 ms

Axion DM is like a bunch of 
gigantic slow laser pulses 

, tc ≫ tobs P ∝ t

,  (ADMX case)tc ≪ tobs P ∝ t

, ,    (mean DM distance)ma = )(1) μeV/c2 ρa ∼ 0.45 GeV/cc λde Broglie = )(100) m ≫ d̄DM
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“invisible” Axion Dark Matter 

Benchmark Models
KSVZ: Heavy quark carries PQ-charge 
DFSZ: a Higgs doublet carries PQ-charge
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Experimental Tests of the "Invisible" Axion

P. Sikivie
Physics DePa~tment, University of Florida, Gainesville, Florida 386'ZZ

(Received 13 July 1983)
Experiments are proposed which address the question of the existence of the "invisible"

axion for the whole allowed range of the axion decay constant. These experiments exploit
the coupling of the axion to the electromagnetic field, axion emission by the sun, and/or
the cosmological abundance and presumed clustering of axions in the halo of our galaxy.
PACS numbers: 14.80.ot, 11.30.Er, 95.30.Cq

Some time ago, it was shown that the strong CP
problem' can be solved' by the introduction of a
light pseudoscalar particle, ' called the axion a.
The properties of the axion depend mainly on the
magnitude v of the vacuum expectation value that
spontaneously breaks the Upo(1) quasisymmetry
which was postulated by Peccei and Quinn' and of
which the axion is the pseudo-Goldstone boson.
The axion mass and its couplings to ordinary par-
ticles are all inversely proportional to v. As far
as the solution to the strong CP problem is con-
cerned, the value of v is arbitrary. ' Past experi-
ments, ' attempting to produce and detect axions
in the laboratory, essentially rule out values of u
near 250 GeV. Moreover the range 250 GeV~ v
~ 10' GeV is ruled out by considering the effect
axions have on stellar evolution. ' Stars emit too
many axions for those values of v. The axion
with v ~ 10' GeV is so weakly coupled' that it has
been called ' invisible. " It was thought, incor-
rectly I believe, that such an axion solves the
strong CP problem in a manner which is free of
presently observable consequences.
Actually, the consideration of the cosmological

implications" of axion models has already gone
some way towards making a misnomer of the ex-
pression ' invisible" axion. First, axion models
are afflicted with cosmologically unacceptable
domain walls' unless special precautions are
taken to avoid this. ' Second, it was shown that
the present cosmological axion energy density is
too large' unless v & 10"GeV. On the other hand,
axions may have a useful cosmological role to
play with regard to the problem of galaxy forma-
tion.""First, the primordial density perturba-
tions from which galaxies evolved may have been
produced by the presence of axionic domain walls
for a limited time period in the early universe. '
Second, axions may be the stuff the dark halos"
of galaxies are made of." Because of their very
large primordial phase-space density, axions
cluster easily and if v ~ 10"GeV, axions are
abundant enough to provide all the halo matter.

In that case, the axion density near the sun's lo-
cation is about

10-24 g
g, halo

0.5 x 10"axions
cm 10"GeV

where we have used the following expression for
the axion mass (h =c =1 everywhere):

m, = 1.24 x 10 ' eV[(10"GeV)/v] r
2n 10"GeV r10 'cm v

2m 10"GeV
' x10 "sec (2)

r is a model dependent number of order N/6,
where N is the number of vacua of the axion mod-
el."These halo axions have velocities P s10 ',
and thus would form a highly degenerate Bose gas
with quantum state occupation numbers averaging
(10"/r') [v/(10" GeV)]'. If the cosmological axi-
ons did not cluster into galactic halos [possibly
because galactic clusters condensed before galax-
ies did], the axion density on earth should be the
average cosmo1ogical one which, according to the
result of Ref. 8, is about

0.2& 10' axions v "' 1
10&o GeV y'

If their typical velocity is the virtual velocity in
galactic clusters, P =5x10 ', their average
quantum state occupation number is about 0.4(10'/
r')[v/(10" GeV)]"~'. The first two experiments
proposed below would attempt to detect the axi-
ons of cosmological origin. The third experiment
would attempt to detect the axions emitted by the
sun. From the work of Fukugita, Watamura, and
Yoshimura, ' one obtains the following result for
the solar axion flux on earth:

0.8 && 10"axions O' GeV
sec cm' v
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scalar axion field and ga�� is the model-dependent axion-
two photon coupling constant. The two primary models
for axion-to-photon coupling are known as KSVZ (Kim-
Shifman-Vainshtein-Zakaharov) [14] [15] and DFSZ
(Dine-Fischler-Srednicki-Zhitnisky) [16]. KSVZ couples
only to hadrons, whereas DFSZ couples to both hadrons
and leptons. These have values �0.97 and 0.36 respec-
tively. DFSZ couplings are about a factor of 3 weaker
than KSVZ couplings, so require greater experimental
e↵ort to detect. Therefore, reaching the DFSZ sensitiv-
ity has been a long sought after goal of axion experi-
ments. The application of inhomogeneous magnetic field
provides a new channel for axions to decay into a pho-
ton, whose frequency is given by, f = E/h where E corre-

sponds to the total energy of the axion with contributions
primarily from the rest mass energy and a small kinetic
energy term and “h” is the Plack’s constant. This is
known as the Inverse Primako↵ E↵ect. The conversion
is expressed by a Feynmann diagram in (Fig. 1).

In 1983, Pierre Sikivie introduced the axion haloscope,
which uses a large density of virtual photons from a
strong static magnetic field to allow the galactic axions
to convert into real photons inside a microwave cavity.
When the axion’s frequency matches the resonance fre-
quency of the microwave cavity, the conversion rate is
enhanced to detectable levels. The power deposited in
the cavity due to this conversion is given by,

Pa!� = (1.9⇥10�22W)

✓
V

136 L

◆✓
B

6.8 T

◆2 ✓Cnlm

0.4

◆⇣ g�
0.97

⌘2
✓

⇢a
0.45 GeV/cm3

◆✓
fa

650 MHz

◆✓
Q

50000

◆
, (5)

FIG. 1. Feynman diagram of the inverse Primako↵ e↵ect. An
axion a converts into a photon � by interacting with a virtual
photon �

0
in a static magnetic field B through fermionic loop.

The coupling constant is denoted by ga�� .

Here, V is the volume of the cavity, B is the magnetic
field, Cnlm is the form factor of the cavity, ⇢a is the local
dark matter density, fa is the frequency of the photon
and Q is the loaded quality factor of the cavity. The form
factor is defined as the integral of the overlap between the
electric field of the cavity transverse magnetic mode and
the external magnetic field generated by the magnet [17].
For any given mode in an empty cylindrical cavity, the
TM010 mode has the highest form factor and the cavity
radial dimension corresponds to approximately one-half
of the photon wavelength. In practice, the geometry of
the cavity is more complicated because of the presence
of tuning rods, so simulation is necessary to understand
the form factor.

From Eq. 5, it is clear that experimentalists have sev-
eral handles which can be used to optimize the power
extracted by the receiver. Cavity volume, magnetic field
and quality factor can all be maximized, whereas the re-

maining parameters (g� , ⇢a) are fixed by nature. The
signal-to-noise ratio (SNR) is defined by the Dicke ra-
diometer equation [18]:

S

N
=

Paxion

kBTsys

r
t

b
. (6)

Here S is the signal, N is the noise, Paxion is the power
that would be deposited in the cavity in the event of
an axion signal, kB is the Boltzmann constant, Tsys is
the system noise temperature, t is the integration time,
and b is the measurement frequency bandwidth. The
total system noise temperature Tsys is composed of cav-
ity blackbody noise and amplifier noise, which should be
minimized to achieve the highest possible SNR.

III. THE DETECTOR

ADMX is located at the Center for Experimental Nu-
clear Physics and Astrophysics (CENPA) at the Univer-
sity of Washington, Seattle. The ADMX detector con-
sists of several components collectively referred to as “the
insert” shown in Fig. 2. The insert is lowered into the
bore of a superconducting solenoid magnet, which is op-
erated typically at just under 8 T, for data-taking op-
erations. The cylindrical insert (0.59 m diameter, 3 m
height) contains the microwave cavity, motion control
system for the antenna and cavity tuning rods, cryogenic
and quantum electronics, a dilution refrigerator, a liquid
4He reservoir, a bucking magnet and the Sidecar cav-
ity and electronics. The insert is designed such that the
field sensitive quantum amplifiers, switches and circula-
tors are housed in a field free region, with a volume 0.22
m height by 0.15 m diameter, provided by a bucking coil.
The cavity is inserted concentrically in the magnet bore
to maximize the form factor. The insert also involves
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scalar axion field and ga�� is the model-dependent axion-
two photon coupling constant. The two primary models
for axion-to-photon coupling are known as KSVZ (Kim-
Shifman-Vainshtein-Zakaharov) [14] [15] and DFSZ
(Dine-Fischler-Srednicki-Zhitnisky) [16]. KSVZ couples
only to hadrons, whereas DFSZ couples to both hadrons
and leptons. These have values �0.97 and 0.36 respec-
tively. DFSZ couplings are about a factor of 3 weaker
than KSVZ couplings, so require greater experimental
e↵ort to detect. Therefore, reaching the DFSZ sensitiv-
ity has been a long sought after goal of axion experi-
ments. The application of inhomogeneous magnetic field
provides a new channel for axions to decay into a pho-
ton, whose frequency is given by, f = E/h where E corre-

sponds to the total energy of the axion with contributions
primarily from the rest mass energy and a small kinetic
energy term and “h” is the Plack’s constant. This is
known as the Inverse Primako↵ E↵ect. The conversion
is expressed by a Feynmann diagram in (Fig. 1).

In 1983, Pierre Sikivie introduced the axion haloscope,
which uses a large density of virtual photons from a
strong static magnetic field to allow the galactic axions
to convert into real photons inside a microwave cavity.
When the axion’s frequency matches the resonance fre-
quency of the microwave cavity, the conversion rate is
enhanced to detectable levels. The power deposited in
the cavity due to this conversion is given by,
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FIG. 1. Feynman diagram of the inverse Primako↵ e↵ect. An
axion a converts into a photon � by interacting with a virtual
photon �

0
in a static magnetic field B through fermionic loop.

The coupling constant is denoted by ga�� .

Here, V is the volume of the cavity, B is the magnetic
field, Cnlm is the form factor of the cavity, ⇢a is the local
dark matter density, fa is the frequency of the photon
and Q is the loaded quality factor of the cavity. The form
factor is defined as the integral of the overlap between the
electric field of the cavity transverse magnetic mode and
the external magnetic field generated by the magnet [17].
For any given mode in an empty cylindrical cavity, the
TM010 mode has the highest form factor and the cavity
radial dimension corresponds to approximately one-half
of the photon wavelength. In practice, the geometry of
the cavity is more complicated because of the presence
of tuning rods, so simulation is necessary to understand
the form factor.

From Eq. 5, it is clear that experimentalists have sev-
eral handles which can be used to optimize the power
extracted by the receiver. Cavity volume, magnetic field
and quality factor can all be maximized, whereas the re-

maining parameters (g� , ⇢a) are fixed by nature. The
signal-to-noise ratio (SNR) is defined by the Dicke ra-
diometer equation [18]:
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Here S is the signal, N is the noise, Paxion is the power
that would be deposited in the cavity in the event of
an axion signal, kB is the Boltzmann constant, Tsys is
the system noise temperature, t is the integration time,
and b is the measurement frequency bandwidth. The
total system noise temperature Tsys is composed of cav-
ity blackbody noise and amplifier noise, which should be
minimized to achieve the highest possible SNR.

III. THE DETECTOR

ADMX is located at the Center for Experimental Nu-
clear Physics and Astrophysics (CENPA) at the Univer-
sity of Washington, Seattle. The ADMX detector con-
sists of several components collectively referred to as “the
insert” shown in Fig. 2. The insert is lowered into the
bore of a superconducting solenoid magnet, which is op-
erated typically at just under 8 T, for data-taking op-
erations. The cylindrical insert (0.59 m diameter, 3 m
height) contains the microwave cavity, motion control
system for the antenna and cavity tuning rods, cryogenic
and quantum electronics, a dilution refrigerator, a liquid
4He reservoir, a bucking magnet and the Sidecar cav-
ity and electronics. The insert is designed such that the
field sensitive quantum amplifiers, switches and circula-
tors are housed in a field free region, with a volume 0.22
m height by 0.15 m diameter, provided by a bucking coil.
The cavity is inserted concentrically in the magnet bore
to maximize the form factor. The insert also involves
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ABSTRACT
Most of the mass of the Milky Way is contributed by its halo, presumably in the form of noninteracting cold

dark matter. The axion is a compelling cold dark matter candidate. We report results from a search that probes
the local Galactic halo axion density using the Sikivie radio frequency cavity technique. Candidates over the
frequency range 550 MH MHz (2.3 me meV) were investigated. The absence of a signalz ≤ f ≤ 810 V ≤ m ≤ 3.4a
suggests that the axions of Kim and Shifman, Vainshtein, & Zakharov contribute no more than 0.45 GeV cm!3

of mass density to the local dark matter halo over this mass range.
Subject headings: dark matter—Galaxy: halo— instrumentation: detectors

1. INTRODUCTION

Measurements such as the BOOMERANG and MAXIMA
cosmic microwave background radiation power spectra (de
Bernardis et al. 2000; Hanany et al. 2000) and Type Ia super-
novae data (Perlmutter et al. 1999; Reiss et al. 1998) suggest
that dark matter makes up the bulk of the matter content in the
universe. The agreement between expectations from big bang
nucleosynthesis (Burles et al. 1999) and the primordial abun-
dance of the lightest elements (Olive, Steigman, & Walker
2000) strongly constrains the total baryonic content to be a
small value, implying that the majority of the dark matter must
be nonbaryonic. The results of other diverse astrophysical mea-
surements based on the Sunyaev-Zel’dovich effect (Grego et
al. 2001), strong gravitational lensing (Cheng & Krauss 2000),
and galactic flows (Zehavi & Dekel 1999) lend powerful sup-
port to this picture.
Although the nature of dark matter remains unknown, its

gravitational effect is pronounced: much of the dynamics of
spiral galaxies cannot be understood without there being a mas-
sive dark matter halo (Sofue & Rubin 2000). Two categories
of particle cold dark matter (CDM) candidates have survived
experimental and theoretical scrutiny over time: the lightest
supersymmetric particle (Goldberg 1983; Ellis et al. 1984) and
the axion (Weinberg 1978; Wilczek 1978). Neutrinos and other
forms of hot dark matter are thought to contribute insignifi-
cantly to closure density and, in any case, cannot explain struc-
ture formation. Galaxy formation requires CDM, i.e., dark mat-
ter that is already nonrelativistic at the time of decoupling.
Recently, experiments have begun with the sensitivity to either
detect or exclude possible CDM halo candidates. In this Letter
we present upper limits on the local axion halo density derived
from a search for CDM axions.

2. AXION PHYSICS

The axion is the pseudo–Nambu-Goldstone boson (Weinberg
1978; Wilczek 1978) associated with a new spontaneously bro-
ken global (1) symmetry invented to suppress strongUPQ
charge-parity (CP) violation (Peccei & Quinn 1977). There is
some model dependence in assigning (1) charges to par-UPQ
ticles: in the Kim (1979) and Shifman, Vainshtein, & Zakharov
(1980; hereafter KSVZ) scheme, the axion only couples to
quarks at tree level, while in the grand unified theory–inspired
Dine, Fischler, & Srednicki (1981) and Zhitnitsky (1980a,
1980b; hereafter DFSZ) model, it couples to both quarks and
leptons. The axion acquires a mass that scales inversely with
the (unknown) energy scale at which the (1) symmetryf Ua PQ
breaking occurs. Initially, was presumed to be the electro-fa
weak energy scale, but such massive axions were quickly ruled
out in, e.g., beam-dump experiments (Asano et al. 1981). Sub-
sequently, it was proposed that axions possess such small cou-
plings to matter and radiation that for all practical purposes
they would remain forever “invisible.” Shortly thereafter, an
experiment was proposed that could make even very light ax-
ions detectable (Sikivie 1983, 1985). The US Axion Search
experiment is predicated on this approach whereby the axion
converts into a single photon via the inverse-Primakoff effect.
We use a resonant cavity permeated by a strong static magnetic
field, where the large number density of virtual photons from
the field enhances axion decay.
The allowed axion mass is constrained to between 10!2 and

10!6 eV. Axions with a mass greater than 10!2 but less than a
few electron volts would have cooled the core of supernova
1987a to such an extent that the distribution of neutrino arrival
times would be inconsistent with observation (Turner 1988).
Even heavier axions have been ruled out by a variety of as-
trophysical and terrestrial searches (Turner 1990; Raffelt 1990;
Ressell 1991; Gnedin 1999). Conversely, if the axion mass is
less than some value, they would have been overproduced in
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Fig. 1.—Axion receiver chain

Fig. 2.—S/N for the complete six-bin combined data set. The minimum
target S/N ratio for these data is 10.

Fig. 3.—Excluded axion dark matter halo densities as a function of mass
and frequency for both KSVZ (lower histogram) and DFSZ (upper histogram)
axions.

added to the original data, and from these combined data sets
a reduced set of candidates is generated and scanned at the
corresponding frequencies. A final round of data combining
produces a persistent candidate list. Candidates above a thresh-
old of 3.5 j in these data are manually inspected. A detailed
description of the experiment and analyses may be found in
Peng et al. (2000) and Asztalos et al. (2001).

4. RESULTS

We have examined these data for candidates in each of
125 and 750 Hz bins in the region 550 MH62.08# 10 z ≤

MHz. A total of 13,712, 1369, and 34 candidates sur-f ≤ 810
vived each stage of six-bin data cuts, respectively. All 34 per-
sistent candidates have been identified with strong external radio
peaks. To derive an upper limit on the axion contribution to the
local halo density, we fix the axion-to-photon coupling atgagg

the KSVZ level and invert equation (3) to calculate as ara
function power deposited in the cavity and axion mass. The

absence of a persistent signal in these data over this range permits
us to impose the limits shown in Figure 3, where we plot the
excluded axion dark matter halo densities for both KSVZ (lower
histogram) and DFSZ (upper histogram) axions as a function
of axion mass and frequency over the interval 550 MHz ≤ f ≤

MHz. The small variations in these density limits represent810
effective integration times somewhat longer or shorter than that
prescribed by equation (4). The nominal excluded mass density
lies near 0.45 GeV cm!3 for KSVZ axions and 3.0 GeV cm!3

for DFSZ axions. The former is comparable to the best estimate
of the local dark matter halo density.

5. CONCLUSIONS

There is abundant evidence that our own Galaxy, like other
spiral galaxies, contains a vast dark matter halo. Observation
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In addition to the uncertainty introduced by the analysis
procedure, there are systematic uncertainties in the product of
the axion-photon coupling constant and dark matter density
from the temperature measurement, noise calibration, Q
measurement, and numerical modeling of the form factor in
Eq. (1) shown in Table I. However, the sensitivity of the
results reported here is restricted primarily by the statistics of
the finite observation time at each frequency.
In the range 645–680 MHz, no statistically significant

signals consistent with axions were found. There were two
candidates that persisted after the rescan procedure, but a
measurement of the external background radio interference
at the experimental site found the identical external radio
signals at the candidate frequencies. They are, thus,
excluded from our limits. We are, therefore, able to produce
a 90% upper confidence limit on the axion-photon coupling

using all of the data acquired for the Maxwellian and
N-body astrophysical models shown in Fig. 4. We are able
to exclude both DFSZ axions distributed in the isothermal
halo model that make up 100% of dark matter with
a density of 0.45 GeV=cm3 and DFSZ axions with the
N-body inspired line shape and the predicted density of
0.63 GeV=cm3 between the frequencies 645 and 676 MHz.
This result is a factor of 7 improvement in power sensitivity
over previous results and the first time an axion haloscope
has been able to exclude axions with DFSZ couplings.
ADMX has achieved a factor of 7 improvement in its

already world-leading sensitivity to ultralow signal power
levels. It is the only operating experiment able to probe the
DFSZ grand unified theory coupling for the invisible axion
that has long been the goal of the axion search community.
Data from this period of initial operations have now
excluded these models over a range of axion masses. A
much larger range of masses will be probed in future runs;
we expect to operate the apparatus at lower temperature and
with a greater magnetic field, enabling higher scan speeds.
A recent engineering run of the apparatus (with some
electronics removed) achieved cavity temperatures lower
than reported in this Letter, while the magnet in earlier
ADMX runs [24] was operated at 7.6 T compared to the
typical field of 6.8 T for the results reported here. Together,
these improvements could increase the SNR by a factor of 2
or shorten the measurement time by a factor of 4. Coverage
of masses up to 40 μeV (10 GHz) is envisioned by further
augmenting the signal power by combining the outputs of
multiple cotuned cavity resonators inside the current

TABLE I. Primary sources of systematic uncertainty. The form
factor uncertainty varies somewhat with frequency; the value at
655 MHz is shown here. The combined effect of systematic
uncertainty on the exclusion bounds is shown as the width of the
lines in Fig. 4.

Source g2γ ρa uncertainty

Temperature sensor calibration 7.1%
System noise calibration 7.5%
Quality factor measurement 2.2%
Background subtraction 4.6%
Form factor modeling 6.0%
Total 13%
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This Letter reports the results from a haloscope search for dark matter axions with masses between 2.66
and 2.81 μeV. The search excludes the range of axion-photon couplings predicted by plausible models of
the invisible axion. This unprecedented sensitivity is achieved by operating a large-volume haloscope at
subkelvin temperatures, thereby reducing thermal noise as well as the excess noise from the ultralow-noise
superconducting quantum interference device amplifier used for the signal power readout. Ongoing
searches will provide nearly definitive tests of the invisible axion model over a wide range of axion masses.
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Axions are particles predicted to exist as a consequence of
the Peccei-Quinn solution to the strong-CP problem [1–3]
and could account for all of the dark matter in our Universe
[4–6]. While there exist a number of mechanisms to produce
axions in the early Universe [4,7–9] that allow for a wide
range of dark matter axion masses, current numerical
and analytical studies of QCD typically suggest a preferred
mass range of 1–100 μeV for axions produced after
cosmic inflation in numbers that saturate the Lambda-
CDM (cold dark matter) density [10–14]. The predicted
coupling between axions and photons is model dependent;
in general, axions with dominant hadronic couplings as
in the Kim-Shifman-Vainshtein-Zakharov (KSVZ) model
[15,16] are predicted to have an axion-photon coupling
roughly 2.7 times larger than that of the Dine-Fischler-
Srednicki-Zhitnitsky (DFSZ) model [17,18]. Because
the axion-photon coupling is expected to be very small,
Oð10−17–10−12 GeV−1Þ over the expected axionmass range,
these predicted particles are dubbed invisible axions [4].

The most promising technique to search for dark matter
axions in the favored mass range is the axion haloscope [19]
consisting of a cold microwave resonator immersed in a
strong static magnetic field. In the presence of this magnetic
field, the ambient dark matter axion field produces a
volume-filling current density oscillating at frequency
f ¼ E=h, where E is the total energy consisting mostly of
the axion rest mass with a small kinetic energy addition.
When the resonator is tuned to match this frequency, the
current source delivers power to the resonator in the form of
microwave photons which can be detected with a low-noise
microwave receiver. To date, a number of axion haloscopes
have been implemented. All had noise levels too high to
detect the QCD axion signal [20–30] in an experimentally
realizable time. Previous versions of the Axion Dark Matter
eXperiment (ADMX) [24–29] achieved sensitivity to the
stronger KSVZ couplings in the ð1.91–3.69Þ-μeV mass
range. ADMX has since been improved to utilize a dilution
refrigerator to obtain a significantly lower system noise
temperature, drastically increasing its sensitivity.We present
here results from the first axion experiment to have sensi-
tivity to themoreweakly coupledDFSZ axion darkmatter in
the μeV mass range.
The Generation 2 ADMX experiment consists of a 136-l

cylindrical copper-plated microwave cavity placed inside a
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ABSTRACT
Most of the mass of the Milky Way is contributed by its halo, presumably in the form of noninteracting cold

dark matter. The axion is a compelling cold dark matter candidate. We report results from a search that probes
the local Galactic halo axion density using the Sikivie radio frequency cavity technique. Candidates over the
frequency range 550 MH MHz (2.3 me meV) were investigated. The absence of a signalz ≤ f ≤ 810 V ≤ m ≤ 3.4a
suggests that the axions of Kim and Shifman, Vainshtein, & Zakharov contribute no more than 0.45 GeV cm!3

of mass density to the local dark matter halo over this mass range.
Subject headings: dark matter—Galaxy: halo— instrumentation: detectors

1. INTRODUCTION

Measurements such as the BOOMERANG and MAXIMA
cosmic microwave background radiation power spectra (de
Bernardis et al. 2000; Hanany et al. 2000) and Type Ia super-
novae data (Perlmutter et al. 1999; Reiss et al. 1998) suggest
that dark matter makes up the bulk of the matter content in the
universe. The agreement between expectations from big bang
nucleosynthesis (Burles et al. 1999) and the primordial abun-
dance of the lightest elements (Olive, Steigman, & Walker
2000) strongly constrains the total baryonic content to be a
small value, implying that the majority of the dark matter must
be nonbaryonic. The results of other diverse astrophysical mea-
surements based on the Sunyaev-Zel’dovich effect (Grego et
al. 2001), strong gravitational lensing (Cheng & Krauss 2000),
and galactic flows (Zehavi & Dekel 1999) lend powerful sup-
port to this picture.
Although the nature of dark matter remains unknown, its

gravitational effect is pronounced: much of the dynamics of
spiral galaxies cannot be understood without there being a mas-
sive dark matter halo (Sofue & Rubin 2000). Two categories
of particle cold dark matter (CDM) candidates have survived
experimental and theoretical scrutiny over time: the lightest
supersymmetric particle (Goldberg 1983; Ellis et al. 1984) and
the axion (Weinberg 1978; Wilczek 1978). Neutrinos and other
forms of hot dark matter are thought to contribute insignifi-
cantly to closure density and, in any case, cannot explain struc-
ture formation. Galaxy formation requires CDM, i.e., dark mat-
ter that is already nonrelativistic at the time of decoupling.
Recently, experiments have begun with the sensitivity to either
detect or exclude possible CDM halo candidates. In this Letter
we present upper limits on the local axion halo density derived
from a search for CDM axions.

2. AXION PHYSICS

The axion is the pseudo–Nambu-Goldstone boson (Weinberg
1978; Wilczek 1978) associated with a new spontaneously bro-
ken global (1) symmetry invented to suppress strongUPQ
charge-parity (CP) violation (Peccei & Quinn 1977). There is
some model dependence in assigning (1) charges to par-UPQ
ticles: in the Kim (1979) and Shifman, Vainshtein, & Zakharov
(1980; hereafter KSVZ) scheme, the axion only couples to
quarks at tree level, while in the grand unified theory–inspired
Dine, Fischler, & Srednicki (1981) and Zhitnitsky (1980a,
1980b; hereafter DFSZ) model, it couples to both quarks and
leptons. The axion acquires a mass that scales inversely with
the (unknown) energy scale at which the (1) symmetryf Ua PQ
breaking occurs. Initially, was presumed to be the electro-fa
weak energy scale, but such massive axions were quickly ruled
out in, e.g., beam-dump experiments (Asano et al. 1981). Sub-
sequently, it was proposed that axions possess such small cou-
plings to matter and radiation that for all practical purposes
they would remain forever “invisible.” Shortly thereafter, an
experiment was proposed that could make even very light ax-
ions detectable (Sikivie 1983, 1985). The US Axion Search
experiment is predicated on this approach whereby the axion
converts into a single photon via the inverse-Primakoff effect.
We use a resonant cavity permeated by a strong static magnetic
field, where the large number density of virtual photons from
the field enhances axion decay.
The allowed axion mass is constrained to between 10!2 and

10!6 eV. Axions with a mass greater than 10!2 but less than a
few electron volts would have cooled the core of supernova
1987a to such an extent that the distribution of neutrino arrival
times would be inconsistent with observation (Turner 1988).
Even heavier axions have been ruled out by a variety of as-
trophysical and terrestrial searches (Turner 1990; Raffelt 1990;
Ressell 1991; Gnedin 1999). Conversely, if the axion mass is
less than some value, they would have been overproduced in
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Fig. 1.—Axion receiver chain

Fig. 2.—S/N for the complete six-bin combined data set. The minimum
target S/N ratio for these data is 10.

Fig. 3.—Excluded axion dark matter halo densities as a function of mass
and frequency for both KSVZ (lower histogram) and DFSZ (upper histogram)
axions.

added to the original data, and from these combined data sets
a reduced set of candidates is generated and scanned at the
corresponding frequencies. A final round of data combining
produces a persistent candidate list. Candidates above a thresh-
old of 3.5 j in these data are manually inspected. A detailed
description of the experiment and analyses may be found in
Peng et al. (2000) and Asztalos et al. (2001).

4. RESULTS

We have examined these data for candidates in each of
125 and 750 Hz bins in the region 550 MH62.08# 10 z ≤

MHz. A total of 13,712, 1369, and 34 candidates sur-f ≤ 810
vived each stage of six-bin data cuts, respectively. All 34 per-
sistent candidates have been identified with strong external radio
peaks. To derive an upper limit on the axion contribution to the
local halo density, we fix the axion-to-photon coupling atgagg

the KSVZ level and invert equation (3) to calculate as ara
function power deposited in the cavity and axion mass. The

absence of a persistent signal in these data over this range permits
us to impose the limits shown in Figure 3, where we plot the
excluded axion dark matter halo densities for both KSVZ (lower
histogram) and DFSZ (upper histogram) axions as a function
of axion mass and frequency over the interval 550 MHz ≤ f ≤

MHz. The small variations in these density limits represent810
effective integration times somewhat longer or shorter than that
prescribed by equation (4). The nominal excluded mass density
lies near 0.45 GeV cm!3 for KSVZ axions and 3.0 GeV cm!3

for DFSZ axions. The former is comparable to the best estimate
of the local dark matter halo density.

5. CONCLUSIONS

There is abundant evidence that our own Galaxy, like other
spiral galaxies, contains a vast dark matter halo. Observation
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aluminium. After evaporation, the remaining resist was
removed via lifto↵ in N-Methyl-2-pyrrolidone (NMP) at
80 °C for 3 hours, leaving only the junctions directly con-
nected to the base layer. After both the evaporation and
lifto↵, the device was exposed to an ion-producing fan
for 15 minutes, in order to avoid electrostatic discharge
of the junctions. The room temperature DC resistance of
the Josephson junction on each qubit was measured to se-
lect the qubit which corresponds to the target Josephson
energy [26] (EJ).

Experimental setup

The cavities and qubit are mounted to the base plate
of a dilution fridge (Bluefors LD400) operating at 8mK.
The device is potted in a block of infrared (IR) absorbant
material (eccosorb CR-110) to absorb stray radiation and
housed in two layers of µ-metal to shield from magnetic
fields. Signals sent to the device are attenuated and
thermalized at each temperature stage of the cryostat
as shown in Fig. S2. The field probing the readout res-
onator is injected via the weakly coupled port (shorter
dipole stub antenna). Control pulses for qubit, storage
cavity, and sideband operation are inserted through the
strongly coupled readout port (longer dipole stub an-
tenna). This line includes a cryogenic microwave attenua-
tor thermalized to the base stage (Courtesy of B. Palmer)
and a weak eccosorb (IR filter). Both control lines also
contain an inline copper coated XMA attenuator that is
threaded to the base state. The signal from the readout
resonator reflects o↵ a Josephson parametric amplifier
(not used in this work) before being amplified by a cryo-
genic HEMT amplifier at the 4K stage. The output is
mixed down to DC before being digitized.

Calibration of parity measurement

The cavity number parity measurement requires the
calibration of the two qubit ⇡/2 pulses as well as the delay
between them. To set the ⇡/2 pulse length, we perform
qubit Rabi oscillations between the |gi and |ei levels by
driving at the qubit transition frequency. The population
transfer is sinusoidal and can be fit to determine when
the qubit population has inverted (⇡ pulse). By turning
on the drive for only half the time required to perform a
⇡ pulse gives us the needed ⇡/2 pulse to put the qubit
in a clock state ( 1p

2
(|gi+ |ei)). The parity measurement

is comprised of an initial ⇡/2 pulse followed by a time
delay of ⇡/|2�| and a final �⇡/2 pulse (constructed by
advancing the phase of the ⇡/2 pulse by ⇡).

To calibrate the time delay used in the parity mea-
surement, we perform two Ramsey interferometry exper-
iments on the qubit either in the absence or presence
of a single photon in the cavity. We chose the Ram-
sey drive frequency to be on resonance with the qubit
transition frequency. In the absence of the photon, the
qubit superposition remains unchanged in the frame of
the qubit. We use the |f0i � |g1i sideband [39–42] to
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FIG. S2. Wiring diagram inside the dilution refrigera-

tor and the room temperature measurement setup.

Qubit readout is performed by injecting a drive into the
weakly coupled port. After interacting with the readout cav-
ity, the signal is routed to the amplification chain using non
reciprocal circulator and isolator elements. We note, the
Josephson parametric amplifier is not in operation for the
measurements presented in this work. The signal is then
mixed down to DC, further amplified, and finally digitized.
Qubit and storage cavity operations are performed via the
strongly coupled port. This line is heavily filtered and at-
tenuated [48] to minimize stray radiation from entering the
device.

populate the cavity with a single photon. In the pres-
ence of the cavity photon, the qubit transition frequency
is shifted by 2� relative to the Ramsey frequency, con-
sequently, the resulting fringe oscillates at a rate of 2�.
The parity measurement delay time (tp) is chosen such
that the qubit superposition state has obtained a phase
shift of ⇡. This is also a calibration of the dispersive shift
(|2�| = ⇡/tp).

Drive pulse calibration

By applying a weak coherent tone at the storage cavity
frequency, we induce a variable displacement ↵ of the
cavity state. We calibrate the number of photons injected
into the storage cavity by varying the drive amplitude
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FIG. 1: Experimental setup. (a) shows the signal generation setup. One generator provides the Rabi drive at the
ac Stark shifted qubit frequency (!01 � 2�n̄), while the output of another generator at 7.2749 GHz is split to create the
measurement signal, paramp drive and local oscillator. The relative amplitudes and phases of these three signals are controlled
by variable attenuators and phase shifters (not shown). (b) shows a simplified version of the cryogenic part of the experiment;
all components are at 30 mK (except for the HEMT amplifier, which is at 4 K). The combined qubit and measurement
signals enter the weakly coupled cavity port, interact with the qubit, and leave from the strongly coupled port. The output
passes through two isolators (which protect the qubit from the strong paramp drive), is amplified, and then continues to the
demodulation setup. The coherent state at the output of the cavity for the ground and excited states is shown schematically
before and after parametric amplification. (c) The amplified signal is homodyne detected and the two quadratures are digitized.
The amplified quadrature (Q) is split o↵ and sent to the feedback circuit (d), where it is multiplied with the Rabi reference
signal. The product is low-pass filtered and fed back to the IQ mixer in (a) to modulate the Rabi drive amplitude.
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This Letter reports on a cavity haloscope search for dark matter axions in the Galactic halo in the mass
range 2.81–3.31 μeV. This search utilizes the combination of a low-noise Josephson parametric amplifier
and a large-cavity haloscope to achieve unprecedented sensitivity across this mass range. This search
excludes the full range of axion-photon coupling values predicted in benchmark models of the invisible
axion that solve the strong CP problem of quantum chromodynamics.

DOI: 10.1103/PhysRevLett.124.101303

Axions are a hypothesized particle that emerged as a result
of the Peccei-Quinn solution to the strong CP problem
[1–3]. In addition, axions are a leading darkmatter candidate
that could explain 100% of the dark matter in the Universe
[4–8]. There are a number of mechanisms for the production
of dark matter axions in the early Universe [5,6,9,10].
For the case where UPQð1Þ becomes spontaneously broken
after inflation, cosmological constraints suggest an axion
mass on the scale of 1 μeV or greater [11–16]. Two
benchmark models for the axion are the Kim-Shifman-
Vainshtein-Zakharov (KSVZ) [17,18] and Dine-Fischler-
Srednicki-Zhitnitsky (DFSZ) [19,20] models. Of the two,
the DFSZ model is especially compelling because of its
grand unification properties [19].

The Axion Dark Matter eXperiment (ADMX) searches
for dark-matter axions using an axion haloscope [21],
which consists of a microwave-resonant cavity inside a
magnetic field. In the presence of an external magnetic
field, axions inside the cavity can convert to photons with
frequency f ¼ E=h, where E is the total energy of the
axion, including the axion rest-mass energy, plus a small
kinetic energy contribution. The power expected from the
conversion of an axion into microwave photons in the
ADMX experiment is extremely low, Oð10−23 WÞ, requir-
ing the use of a dilution refrigerator and an ultralow-noise
microwave receiver to detect the photons.
In limits set in a previous Letter, ADMX became the only

axion haloscope to achieve sensitivity to both benchmark
axion models for axion masses between 2.66 and 2.81 μeV
[22]. This Letter reports on recent operations which extend
the search for axions at DFSZ sensitivity to 2.66–3.31 μeV.
The ADMX experiment consists of a 136 L cylindrical

copper-plated cavity placed in a 7.6 T field produced by
a superconducting solenoid magnet. A magnetic field-free

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
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This Letter reports the results from a haloscope search for dark matter axions with masses between 2.66
and 2.81 μeV. The search excludes the range of axion-photon couplings predicted by plausible models of
the invisible axion. This unprecedented sensitivity is achieved by operating a large-volume haloscope at
subkelvin temperatures, thereby reducing thermal noise as well as the excess noise from the ultralow-noise
superconducting quantum interference device amplifier used for the signal power readout. Ongoing
searches will provide nearly definitive tests of the invisible axion model over a wide range of axion masses.

DOI: 10.1103/PhysRevLett.120.151301

Axions are particles predicted to exist as a consequence of
the Peccei-Quinn solution to the strong-CP problem [1–3]
and could account for all of the dark matter in our Universe
[4–6]. While there exist a number of mechanisms to produce
axions in the early Universe [4,7–9] that allow for a wide
range of dark matter axion masses, current numerical
and analytical studies of QCD typically suggest a preferred
mass range of 1–100 μeV for axions produced after
cosmic inflation in numbers that saturate the Lambda-
CDM (cold dark matter) density [10–14]. The predicted
coupling between axions and photons is model dependent;
in general, axions with dominant hadronic couplings as
in the Kim-Shifman-Vainshtein-Zakharov (KSVZ) model
[15,16] are predicted to have an axion-photon coupling
roughly 2.7 times larger than that of the Dine-Fischler-
Srednicki-Zhitnitsky (DFSZ) model [17,18]. Because
the axion-photon coupling is expected to be very small,
Oð10−17–10−12 GeV−1Þ over the expected axionmass range,
these predicted particles are dubbed invisible axions [4].

The most promising technique to search for dark matter
axions in the favored mass range is the axion haloscope [19]
consisting of a cold microwave resonator immersed in a
strong static magnetic field. In the presence of this magnetic
field, the ambient dark matter axion field produces a
volume-filling current density oscillating at frequency
f ¼ E=h, where E is the total energy consisting mostly of
the axion rest mass with a small kinetic energy addition.
When the resonator is tuned to match this frequency, the
current source delivers power to the resonator in the form of
microwave photons which can be detected with a low-noise
microwave receiver. To date, a number of axion haloscopes
have been implemented. All had noise levels too high to
detect the QCD axion signal [20–30] in an experimentally
realizable time. Previous versions of the Axion Dark Matter
eXperiment (ADMX) [24–29] achieved sensitivity to the
stronger KSVZ couplings in the ð1.91–3.69Þ-μeV mass
range. ADMX has since been improved to utilize a dilution
refrigerator to obtain a significantly lower system noise
temperature, drastically increasing its sensitivity.We present
here results from the first axion experiment to have sensi-
tivity to themoreweakly coupledDFSZ axion darkmatter in
the μeV mass range.
The Generation 2 ADMX experiment consists of a 136-l

cylindrical copper-plated microwave cavity placed inside a
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We report the results from a haloscope search for axion dark matter in the 3.3–4.2 µeV mass
range. This search excludes the axion-photon coupling predicted by one of the benchmark models
of “invisible” axion dark matter, the KSVZ model. This sensitivity is achieved using a large-volume
cavity, a superconducting magnet, an ultra low noise Josephson parametric amplifier, and sub-Kelvin
temperatures. The validity of our detection procedure is ensured by injecting and detecting blind
synthetic axion signals.

In the Standard Model of particle physics, the amount
of Charge-Parity (CP ) violation by the strong interac-
tions is set by an angle ✓ whose value is expected to be
of order one [1]. However, the upper limit on the neutron
electric dipole moment [2] requires ✓ < 5 ⇥ 10�11. This
discrepancy is called the strong-CP problem. The exis-
tence of a new global axial U(1) symmetry, proposed by
Peccei and Quinn (PQ) [3], would solve the strong-CP
problem. This symmetry must be spontaneously broken,
implying the existence of a pseudo Nambu-Goldstone bo-
son, called the axion [3–5]. The relic axions produced
during the QCD phase transition in the early universe [6–
8] satisfy all the requirements of dark matter [9]. Thus
the hypothetical axion solves both the strong-CP and
dark matter problems. In the scenario in which the
PQ symmetry breaks before cosmological inflation (pre-
inflationary scenario), the relic axion abundance is deter-
mined only by the initial amplitude (✓0) and mass of the
axion field. The abundance of dark matter in the Lambda
cold dark matter model is naturally explained by an axion
mass above ⇠ 0.1 µeV for ✓0 > 0.1 [10, 11]. In the post-
inflationary scenario, where the PQ symmetry breaks af-
ter cosmological inflation, most calculations suggest that
the axion mass lies in the O(1–100) µeV range [10–22].

⇤ Correspondence to: tnitta1@uw.edu

The axion has a coupling to two photons, and the numer-
ical values are represented by two benchmark models, the
Kim-Shifman-Vainshtein-Zakharov (KSVZ) [23, 24] and
Dine-Fischler-Srednicki-Zhitnitsky (DFSZ) [25, 26] mod-
els. Since those axion-photon couplings are expected to
be small, O(10�17–10�12) GeV�1, axions predicted by
the models are called “invisible” axions [27].

To date, only the Axion Dark Matter eXperiment
(ADMX) [28–33] has attained a sensitivity to the DFSZ
model, which is a particularly well-motivated model be-
cause it can be grand unified. ADMX is a haloscope
experiment [1, 27, 34] searching for axions within the lo-
cal halo with a cold resonant cavity immersed in a static
magnetic field. Maxwell’s equations modified to include
the axion-photon interaction imply that an oscillating ax-
ion field (�) in a static magnetic field ( ~B) induces an os-
cillating electric current, ~ja = ga�� ~B@t�, where ga�� is
the coupling of the axion to two photons. The electric
current ~ja oscillates with a frequency E/h, where E is
the sum of the mass (m) and kinetic energy of dark mat-
ter axions and h is the Planck’s constant. E/h ⇡ mc2/h
because halo axions are non-relativistic. The induced
currents resonantly drive electromagnetic modes of the
cavity with a resonant frequency equal to the frequency
E/h of axion field oscillations. This signal is extracted by
an antenna, amplified by several amplifiers, and sampled
by a digitizer. Because the power from the axion signal is
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Data-taking Summary
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Noise Temperature: 
Measured with SNRI and y-factor  
measurements 
→ ~600 mK (expected: ~300 mK)
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Synthetic Axion Generator (SAG) 
Artificial signal injection system to test RF system and analyzers
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Fig. 2.— Add Caption

after taking an inverse Fourier transform. The real component can be used to create the time-

series waveform. However, double-checking this claim by FFTing the real component back

reveals a now symmetric shape with half the original amplitude (see left side of Figure 3).

To avoid confusion I will work with an already symmetric Fourier representation which has

no imaginary component in its Fourier transform. The added peak will not cause problems

because it will be o↵ the the cavity resonance and can be filtered out anyway.

3. Step 2: Playing the Axion Song at the Right Tempo

The final output of step 1 is a list containing the values of the real component (green)

points in the middle panel of Figure 3. It is a to-do list with 100, 1,000 or 10,000 items

(amplitudes). Having uploaded this list to an arbitrary waveform generator (currently an

Agilent 33220A with a max frequency of 20MHz) the question is how quickly to play this

list?

Note: the frequency that the waveform generator is set to does not represent the rate

at which it goes through items in the list but rather how frequently it repeats a list. For

example, if it is set to 1kHz and I pass it a list of 100 amplitudes, it will repeat this waveform

every mS but the resolution or �t between consecutive amplitudes is 10µS.

Schematic from C. Boutan 

Maxwell- 
Bolzmann 

frequency
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we
r

300 K ~100 mK

Waveform 
Generator Mixing Injection

Output antenna 
(where signal  
 detected)
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JPA Operation
20 dB

0 dB

Repeating: 
Frequency moving → Fine tuning bias current & pump power
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Malfunction & Solution   
JPA Gain

main magnet current 
Trapped flux quanta

Has to go above critical  
temperature of Al

SQUID is the most sensitive  
magnetic field sensor 
→ Have to modify magnet current  
    to get highest performance

Φ0
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Observed Excesses

4

FIG. 2. Digitization spectra including a blinded SAG for
TM010 (black) and TM011 (red) mode after removing the re-
ceiver shape and JPA standing wave distortion. The bottom
small plot shows combined SNR with respect to DFSZ power.
The right small plot shows the integrated signal power and
how it varies according to the Lorentzian cavity enhancement.

TABLE I. A list of candidates remaining after turning o↵
calibration SAGs. The 896.448-MHz candidate was a blinded
SAG. “Persistence” is checked when the candidate exists in
all the scans with similar powers. “At Same Frequency”
is checked when the candidate was at the given frequency
±300 Hz. “Not in Air” is flagged if the candidate could not
be observed with a spectrum analyzer attached to an external
antenna at the experimental site. “Enhanced on Resonance”
is flagged when the integral of the signal power was scaled as
a Lorentzian function. “⇥” denotes tested but not passed.

Frequency
[MHz] Persistence

At Same
Frequency

Not
in Air

Enhanced
on Resonance

839.669 ! ⇥ ! ⇥
840.268 ! ! ! ⇥
860.000 ! ! ⇥ ⇥
891.070 ! ! ! ⇥
896.448 ! ! ! !
974.989 ⇥ ! ! ⇥
974.999 ⇥ ! ! ⇥
960.000 ! ! ⇥ ⇥
980.000 ! ! ⇥ ⇥
990.000 ! ! ⇥ ⇥
990.031 ⇥ ! ! ⇥
1000.000 ! ! ⇥ ⇥
1000.013 ⇥ ! ! ⇥
1010.000 ! ! ⇥ ⇥
1020.000 ! ! ⇥ ⇥

TM010 TM011 V/m
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200

150

100
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0
FIG. 3. Electric field distribution as a heat map for TM010

(left) and TM011 (right) modes simulated with COMSOL
Multiphysics [42]. Electric field for the mode and impressed
magnetic field are shown as red and black arrows, respectively.
Calculated form factors with CST Magnetic Field Solver are
0.455 and < 0.001 for TM010 and TM011 modes, respectively.
The overlap between the TM010 electric field and the mag-
netic field is large and consistent across the volume, while the
overlap between the TM011 electric field is of opposite sign
in the top and bottom of the cavity, leading to cancellations
in the cavity response to the spatially uniform dark matter
axion field.

are confident that these signals did not result from axion
dark matter.

Upon eliminating all candidates in the frequency range
of interest, we set 90% confidence level (C.L.) upper lim-
its on the axion-photon couplings across the explored
mass ranges with the assumption that axions make up
100% of the local dark matter density as shown in
Fig. 4. We ruled out KSVZ (DFSZ) axions in the
3.3–4.2 (3.9–4.1) µeV mass range. The limits assumed
that the velocity distribution of dark matter axions is
either a boosted Maxwell-Boltzmann distribution [43]
with dark matter density 0.45 GeV/cc or in accordance
with an N-body simulation [44] with dark matter density
0.6 GeV/cc. The limits include systematic experimental
uncertainties associated with the cavity, the amplifiers,
and the electromagnetic field simulation as shown in Ta-
ble II. The largest uncertainty was To↵/✏ dominated by
the temperature sensor accuracy. Additionally, a sensi-
tivity loss from potential over-fitting of signals from the
Padé-approximant used to remove distortions in the dig-

Found 15 excesses in 800-1020 MHz

Figure 24: Digitization spectra for the candidates at o↵ resonance.

Figure 25: Digitization spectra for the candidates disconnecting RF cable at the insert top.

Figure 26: Observed spectra by a spectrum analyzer with handmade antenna.

28

14 excesses were identified as 
non-axion-like excesses right away.
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Observed Excesses

4

FIG. 2. Digitization spectra including a blinded SAG for
TM010 (black) and TM011 (red) mode after removing the re-
ceiver shape and JPA standing wave distortion. The bottom
small plot shows combined SNR with respect to DFSZ power.
The right small plot shows the integrated signal power and
how it varies according to the Lorentzian cavity enhancement.

TABLE I. A list of candidates remaining after turning o↵
calibration SAGs. The 896.448-MHz candidate was a blinded
SAG. “Persistence” is checked when the candidate exists in
all the scans with similar powers. “At Same Frequency”
is checked when the candidate was at the given frequency
±300 Hz. “Not in Air” is flagged if the candidate could not
be observed with a spectrum analyzer attached to an external
antenna at the experimental site. “Enhanced on Resonance”
is flagged when the integral of the signal power was scaled as
a Lorentzian function. “⇥” denotes tested but not passed.

Frequency
[MHz] Persistence

At Same
Frequency

Not
in Air

Enhanced
on Resonance

839.669 ! ⇥ ! ⇥
840.268 ! ! ! ⇥
860.000 ! ! ⇥ ⇥
891.070 ! ! ! ⇥
896.448 ! ! ! !
974.989 ⇥ ! ! ⇥
974.999 ⇥ ! ! ⇥
960.000 ! ! ⇥ ⇥
980.000 ! ! ⇥ ⇥
990.000 ! ! ⇥ ⇥
990.031 ⇥ ! ! ⇥
1000.000 ! ! ⇥ ⇥
1000.013 ⇥ ! ! ⇥
1010.000 ! ! ⇥ ⇥
1020.000 ! ! ⇥ ⇥
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FIG. 3. Electric field distribution as a heat map for TM010

(left) and TM011 (right) modes simulated with COMSOL
Multiphysics [42]. Electric field for the mode and impressed
magnetic field are shown as red and black arrows, respectively.
Calculated form factors with CST Magnetic Field Solver are
0.455 and < 0.001 for TM010 and TM011 modes, respectively.
The overlap between the TM010 electric field and the mag-
netic field is large and consistent across the volume, while the
overlap between the TM011 electric field is of opposite sign
in the top and bottom of the cavity, leading to cancellations
in the cavity response to the spatially uniform dark matter
axion field.

are confident that these signals did not result from axion
dark matter.

Upon eliminating all candidates in the frequency range
of interest, we set 90% confidence level (C.L.) upper lim-
its on the axion-photon couplings across the explored
mass ranges with the assumption that axions make up
100% of the local dark matter density as shown in
Fig. 4. We ruled out KSVZ (DFSZ) axions in the
3.3–4.2 (3.9–4.1) µeV mass range. The limits assumed
that the velocity distribution of dark matter axions is
either a boosted Maxwell-Boltzmann distribution [43]
with dark matter density 0.45 GeV/cc or in accordance
with an N-body simulation [44] with dark matter density
0.6 GeV/cc. The limits include systematic experimental
uncertainties associated with the cavity, the amplifiers,
and the electromagnetic field simulation as shown in Ta-
ble II. The largest uncertainty was To↵/✏ dominated by
the temperature sensor accuracy. Additionally, a sensi-
tivity loss from potential over-fitting of signals from the
Padé-approximant used to remove distortions in the dig-

Found 15 excesses in 800-1020 MHz

896.448 MHz 
is really axion-like!

Figure 24: Digitization spectra for the candidates at o↵ resonance.

Figure 25: Digitization spectra for the candidates disconnecting RF cable at the insert top.

Figure 26: Observed spectra by a spectrum analyzer with handmade antenna.

28

14 excesses were identified as 
non-axion-like excesses right away.
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Stringent Axion Tests
Digitization window  
is following resonant  
frequency

←Test1:  Persistance

Axion is enhanced by cavity 
Lorentzian shape.

Test3: Signal Shape 
Axion is expected to be  
maxwell-boltzman distribution
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It turns out to be blinded synthetic signal 
(not axion). 
→ We verify our procedure to detect axions

3

where ✏ is the line loss between the cavity and the JPA156

and is dominated by losses of the circulators. Hence, one157

can obtain To↵/✏ from the y intersection of a linear fit.158

During the data-taking period, the To↵/✏ is measured by159

the y-factor method every few months. The results are160

stable over time around 3.5 K, though they vary with fre-161

quency by 0.8 K over the frequency range discussed here.162

From the above, typical Tsys in this work is calculated as163

600 mK including ✏.164

FIG. 2. Digitization spectra including a blinded SAG for
TM010 (black) and TM011 (red) mode after removing receiver
shape and JPA standing wave distortion. The bottom small
plot shows combined SNR with respect to DFSZ power. The
right small plots shows the integrated signal power over 30
bins ahead from the candidate frequency.

The data-taking was performed between October 2019165

and May 2021 with breaks in between for cryogenic main-166

tenance at July 2020, December 2020, and January 2021.167

We were aiming to probe axions with one (two) times168

DFSZ coupling between 950 and 1020 (800 and 950)169

MHz. Throughout operation, synthetic axion generated170

signals (SAGs) which are artificially made RF signals171

were injected into the cavity via the weak port to en-172

sure the robustness of the experiment. Two variety of173

SAG were injected, calibration SAGs which are intended174

to verify the integrity of the receiver chain and analysis175

framework and blinded SAGs , to practice our full candi-176

date evaluation procedure. The explored frequency range177

is divided into 14 “nibbles” which are narrow frequency178

ranges, typically 10 MHz-width, and a specific procedure179

is repeated at each nibble described as following. First,180

digitizations for the entire nibble frequency range are per-181

formed by moving two tuning rods symmetrically. The182

integration time is 100 seconds, and the bandwidth is 50183

3

TM010 TM011

FIG. 3. Electric field distribution as a heat map for TM010

(left) and TM011 (right) modes simulated with COMSOL
Multiphysics [36]. Electric field magnitude for the mode and
impressed magnetic field are shown as red and black arrows,
respectively. Calculated form factors with CST Magnetic
Field Solver are 0.455 and 0.00097 for TM010 and TM011

modes, respectively. Clearly, the overlap between the TM010

electric field and the magnetic field is large and consistent
across the volume, while the overlap between the TM011 elec-
tric field is of opposite sign in the top and bottom of the
cavity, leading to cancellation.

kHz width with 100 Hz bins. Next, the analysis is per-184

formed to check for axion-like excesses (candidates) in185

the noise. Digitized spectra are primarily distorted by186

two reasons: the warm electronics shape and the JPA187

standing wave due to the imperfect circulator isolation188

(C1). The former is removed by fitted warm electronics189

shape, and the latter is removed by a six-order Padé-190

approximation. The flattened spectra are scaled by the191

estimated Tsys to obtain correct power scale and are con-192

volved with expected axion shape to maximize sensitiv-193

ity. The spectra are co-added together to maximize the194

sensitivity to axions, which is called as grand spectrum.195

Further details can be found in [37]. Typically, there are196

O(10) candidates are found within nibble because of sta-197

tistical fluctuations and calibration SAGs, accordingly,198

the candidates are further scanned (rescan) to check if199

the candidates are persistent. After the first rescan, cal-200

ibration SAGs are turned o↵ and the second rescan is201

performed in order to confirm whether the candidates202

were SAGs or true signals. If all of SAGs are identified203

and there is no candidate left, the data-taking moves on204

Stringent Axion Tests
Test4: Disappearance in TM011

3

where ✏ is the line loss between the cavity and the JPA156

and is dominated by losses of the circulators. Hence, one157

can obtain To↵/✏ from the y intersection of a linear fit.158

During the data-taking period, the To↵/✏ is measured by159

the y-factor method every few months. The results are160

stable over time around 3.5 K, though they vary with fre-161

quency by 0.8 K over the frequency range discussed here.162

From the above, typical Tsys in this work is calculated as163

600 mK including ✏.164
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FIG. 2. Digitization spectra including a blinded SAG for
TM010 (black) and TM011 (red) mode after removing receiver
shape and JPA standing wave distortion. The bottom small
plot shows combined SNR with respect to DFSZ power. The
right small plots shows the integrated signal power over 30
bins ahead from the candidate frequency.

The data-taking was performed between October 2019165

and May 2021 with breaks in between for cryogenic main-166

tenance at July 2020, December 2020, and January 2021.167

We were aiming to probe axions with one (two) times168

DFSZ coupling between 950 and 1020 (800 and 950)169

MHz. Throughout operation, synthetic axion generated170

signals (SAGs) which are artificially made RF signals171

were injected into the cavity via the weak port to en-172

sure the robustness of the experiment. Two variety of173

SAG were injected, calibration SAGs which are intended174

to verify the integrity of the receiver chain and analysis175

framework and blinded SAGs , to practice our full candi-176

date evaluation procedure. The explored frequency range177

is divided into 14 “nibbles” which are narrow frequency178

ranges, typically 10 MHz-width, and a specific procedure179

is repeated at each nibble described as following. First,180

digitizations for the entire nibble frequency range are per-181

formed by moving two tuning rods symmetrically. The182

integration time is 100 seconds, and the bandwidth is 50183
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FIG. 3. Electric field distribution as a heat map for TM010

(left) and TM011 (right) modes simulated with COMSOL
Multiphysics [36]. Electric field magnitude for the mode and
impressed magnetic field are shown as red and black arrows,
respectively. Calculated form factors with CST Magnetic
Field Solver are 0.455 and 0.00097 for TM010 and TM011

modes, respectively. Clearly, the overlap between the TM010

electric field and the magnetic field is large and consistent
across the volume, while the overlap between the TM011 elec-
tric field is of opposite sign in the top and bottom of the
cavity, leading to cancellation.

kHz width with 100 Hz bins. Next, the analysis is per-184

formed to check for axion-like excesses (candidates) in185

the noise. Digitized spectra are primarily distorted by186

two reasons: the warm electronics shape and the JPA187

standing wave due to the imperfect circulator isolation188

(C1). The former is removed by fitted warm electronics189

shape, and the latter is removed by a six-order Padé-190

approximation. The flattened spectra are scaled by the191

estimated Tsys to obtain correct power scale and are con-192

volved with expected axion shape to maximize sensitiv-193

ity. The spectra are co-added together to maximize the194

sensitivity to axions, which is called as grand spectrum.195

Further details can be found in [37]. Typically, there are196

O(10) candidates are found within nibble because of sta-197

tistical fluctuations and calibration SAGs, accordingly,198

the candidates are further scanned (rescan) to check if199

the candidates are persistent. After the first rescan, cal-200

ibration SAGs are turned o↵ and the second rescan is201

performed in order to confirm whether the candidates202

were SAGs or true signals. If all of SAGs are identified203

and there is no candidate left, the data-taking moves on204
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where ✏ is the line loss between the cavity and the JPA156

and is dominated by losses of the circulators. Hence, one157

can obtain To↵/✏ from the y intersection of a linear fit.158

During the data-taking period, the To↵/✏ is measured by159

the y-factor method every few months. The results are160

stable over time around 3.5 K, though they vary with fre-161

quency by 0.8 K over the frequency range discussed here.162

From the above, typical Tsys in this work is calculated as163

600 mK including ✏.164

FIG. 2. Digitization spectra including a blinded SAG for
TM010 (black) and TM011 (red) mode after removing receiver
shape and JPA standing wave distortion. The bottom small
plot shows combined SNR with respect to DFSZ power. The
right small plots shows the integrated signal power over 30
bins ahead from the candidate frequency.

The data-taking was performed between October 2019165

and May 2021 with breaks in between for cryogenic main-166

tenance at July 2020, December 2020, and January 2021.167

We were aiming to probe axions with one (two) times168

DFSZ coupling between 950 and 1020 (800 and 950)169

MHz. Throughout operation, synthetic axion generated170

signals (SAGs) which are artificially made RF signals171

were injected into the cavity via the weak port to en-172

sure the robustness of the experiment. Two variety of173

SAG were injected, calibration SAGs which are intended174

to verify the integrity of the receiver chain and analysis175

framework and blinded SAGs , to practice our full candi-176

date evaluation procedure. The explored frequency range177

is divided into 14 “nibbles” which are narrow frequency178

ranges, typically 10 MHz-width, and a specific procedure179

is repeated at each nibble described as following. First,180

digitizations for the entire nibble frequency range are per-181

formed by moving two tuning rods symmetrically. The182

integration time is 100 seconds, and the bandwidth is 50183
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FIG. 3. Electric field distribution as a heat map for TM010

(left) and TM011 (right) modes simulated with COMSOL
Multiphysics [36]. Electric field magnitude for the mode and
impressed magnetic field are shown as red and black arrows,
respectively. Calculated form factors with CST Magnetic
Field Solver are 0.455 and 0.00097 for TM010 and TM011

modes, respectively. Clearly, the overlap between the TM010

electric field and the magnetic field is large and consistent
across the volume, while the overlap between the TM011 elec-
tric field is of opposite sign in the top and bottom of the
cavity, leading to cancellation.

kHz width with 100 Hz bins. Next, the analysis is per-184

formed to check for axion-like excesses (candidates) in185

the noise. Digitized spectra are primarily distorted by186

two reasons: the warm electronics shape and the JPA187

standing wave due to the imperfect circulator isolation188

(C1). The former is removed by fitted warm electronics189

shape, and the latter is removed by a six-order Padé-190

approximation. The flattened spectra are scaled by the191

estimated Tsys to obtain correct power scale and are con-192

volved with expected axion shape to maximize sensitiv-193

ity. The spectra are co-added together to maximize the194

sensitivity to axions, which is called as grand spectrum.195

Further details can be found in [37]. Typically, there are196

O(10) candidates are found within nibble because of sta-197

tistical fluctuations and calibration SAGs, accordingly,198

the candidates are further scanned (rescan) to check if199

the candidates are persistent. After the first rescan, cal-200

ibration SAGs are turned o↵ and the second rescan is201

performed in order to confirm whether the candidates202

were SAGs or true signals. If all of SAGs are identified203

and there is no candidate left, the data-taking moves on204
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itized spectra was taken into account. This e↵ect was
quantified by injecting software synthetic signals into the
real data and comparing analysis results to the injected
power. We determined that there was a 20% suppression
of the axion power, i.e. ⇠ 10% loss of the axion-photon
coupling.

TABLE II. Summary of uncertainties associated with the
observed power.

Source Fractional Uncertainty on Paxion

Cavity Q-factor 2 %
Antenna Coupling 2 %
JPA SNRI 0.8 %
To↵/✏ 4.3 %
B2V C 3 %
Total 6 %

FIG. 4. 90% C.L. upper limits on ga�� as a function of axion
mass. The gray-, blue-, and yellow-colored areas represent
previous ADMX limits reported in Ref. [28], [32], and [33].
The red-colored area shows the limits of this work. We ruled
out KSVZ (DFSZ) axions in the 3.3–4.2 (3.9–4.1)µeV mass
range.

Alternatively, we can set limits on the dark matter
axion density with the assumption that the axion-photon
coupling is given by the KSVZ model. This is shown in
Fig. 5. The limit shows that KSVZ axions are excluded
from contributing any more than 0.1 GeV/cc of the local
dark matter density, or 20% of the expected density.

In summary, we searched for the “invisible” axion dark
matter in the 3.3–4.2 µeV mass range. No axion-like ex-
cess was observed. Therefore, we set a limit for the axion-
photon coupling which is the most stringent to date. We
intend to rescan the region covered here (3.3–4.2 µeV)
at DFSZ sensitivity after making a number of upgrades
and repairs to the current cavity and RF system. These
upgrades will include improving the thermal isolation of
the cavity from the 1-K support to lower the overall heat
load on the dilution refrigerator, upgrading the µ-metal
shield to mitigate the remaining magnetic field on the
JPA, and adding additional temperature sensors to mea-

FIG. 5. 90% C.L. upper limits on the dark matter energy
density assuming the KSVZ model for axion coupling. The
blue- and yellow-colored areas represent previous ADMX lim-
its reported in Ref. [32] and [33], respectively. The red-colored
area shows the limits of this work. The KSVZ axions are ex-
cluded even though the axion density is 0.1 GeV/cc (20%) of
the total dark matter density.
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ADMX Sidecar - Pathfinder experiment on top of  
the ADMX main cavity 

- 4-7 GHz tuning range 
- Clamshell cavity  
- Piezo electronic tuning 
- Traveling Wave Josephson  
Parametric Amplifier (TWPA)
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g10 shaft

Piezo 
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TWPA
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Traveling Wave Parametric Amplifier
O(100) Josephson junctions in series 
Pros:  
- Broadband gain (several GHz) 
- A bit more B-field tolerance than JPA 
Cons:
- Decent gain: TWPA ~15 dB, JPA ~ 30 dB 

5

FIG. 7. Limit plot from the sidecar data with a JTWPA, assuming an axion density of 0.45 GeV/cc, equal to the total dark matter density at the
Earth. The two lines represent DFSZ and KSVZ models.

future axion experiments. This work sets the stage for broad-
band axion searches, in which we take full advantage of the
ability of the JTWPA to operate with low noise temperature
and high gain over a wider bandwidth. Future searches that
aim to use a JTWPA should continue to improve the means by
which we measure the system noise temperature, and consider
including an RF line to bypass the JTWPA. This bypass would
provide some ability to isolate the JTWPA and therefore study
its impacts on the receiver chain.
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FIG. 2. Reflection measurements, acquired by routing power from
the cavity bypass line through the output line, with two different
pump frequencies applied to the JTWPA, shown in solid (blue), and
dashed (orange) curves. The gain peaks are spaced roughly 38 MHz
apart. The JTWPA was biased such that the 2-MHz power spectrum
was centered on a region with maximum gain.

FIG. 3. Wideband power gain of the JTWPA from 4-7 GHz, mea-
sured during data-taking operations.

Our measurement of the receiver noise was acquired during
the period over which the experiment was being warmed. Be-
cause the final stage attenuator is thermally sunk to the main
cavity along with the sidecar cavity, Eq. 2 then reduces to

P = GHFETkBb [Tattn + THFET] . (3)

During the warm-up, power from the receiver was sampled
and the temperature of the attenuator was measured. A plot of
the power as a function of the attenuator temperature, and the
associated fit to the data, can be seen in Fig. 4. The fit param-
eter, THFET, was measured to be 3.7±0.2 K at a frequency of
4.798 GHz.

The system noise was computed using Eq. 1, with this value
for THFET. The SNRI was computed by smoothing and inter-
polating between measurements of the JTWPA SNRI before
and after sampling power from the cavity to acquire a reason-
able value over the time duration of data acquisition.

We measured the attenuation of all cables between the cav-
ity and the JTWPA in liquid nitrogen. We then scaled the

measured attenuation to 100 mK, the temperature stage of the
quantum amplifier package, using the temperature scaling ra-
tios described in the cable specifications sheet [34]. The value
of e, which we measured to be 0.40±0.04 in linear units, was
then used in the computation of the system noise. This mea-
surement includes attenuation from the JTWPA, which has an
associated insertion loss at 4.798 GHz of -3.0±0.3 dB [35].
Assuming the average JTWPA SNRI of 11.25 dB, the system
noise was measured to be 925±80 mK, with the dominant
uncertainty coming from the uncertainty in the attenuation
from the cavity to the JTWPA. This value is within the ex-
pected range of the system noise using a JTWPA [36]. Raw
data from the sidecar digitizer consisted of 2-MHz wide power
spectra with 20,000 bins, each 100 Hz wide. The first and last
5,000 bins were removed from all spectra because the cavity
Lorentzian shape was distorted due to intrinsic distortions in
the gain of the JTWPA. Bins at the edge of the Lorentzian
are least valuable to the data as they exist far from resonance.
In a truly broadband experiment that was not limited by the
bandwidth of the cavity and receiver electronics, these dis-
tortions could be removed, enabling a wide frequency range
to be probed. Individual power spectra from sidecar were
processed by first dividing by the measured warm electronics
transfer function and then applying a Padé approximant filter
to remove the transfer function of the cold receiver chain. To
acquire the warm electronics transfer function, we terminated
the input of the warm receiver, then sampled the power from
the warm receiver. An example of the Padé approximant fit
(accounting for the warm receiver shape) to the raw spectrum
can be seen in Fig. 5. Removing the transfer functions of the
warm and cold electronics resulted in power spectra having
the expected Gaussian noise distribution. See Fig. 6. A strong
peak between 4797.5 and 4797.75 MHz was determined to
be due to radio-frequency interference by examining scans far
from cavity resonance and observing that the peak occupied
the same IF bins of the power spectrum regardless of the cav-
ity frequency. A mask was created to exclude these frequen-
cies from the final limit plot. The total bandwidth that was
excluded from any individual raw spectrum due to the mask
corresponded to 120 kHz.

Axion candidates were defined as any power excesses
above 3s fluctuation above the average power level from the
flattened spectrum. Two candidates were flagged, but were
not identified as axion-like due to lack of persistence between
scans. The systematic uncertainties are shown in Table I. The
dominant systematic uncertainties come from the attenuation
in the RF cable that runs from the cavity to the JTWPA and the
SNRI fit. A limit was set around an axion mass of 19.84 µeV,
shown in Fig. 7, which excludes axion dark matter with an
assumption that axions constitute all of the dark matter, taken
to have a density of 0.45 GeV/cc. Optimal filtering was used
with the assumption of a Maxwell-Boltzmann line shape [37].
The shape of the excluded region shown in Fig. 7 arises from
the fact that the frequency of the TM010 mode shifted dur-
ing the course of data-taking. These frequency shifts cor-
responded to filling of the liquid helium reservoir, which is
known to induce mechanical vibrations in the insert. The me-
chanical vibrations cause small shifts in the positions of the
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We present a new exclusion bound of axion-like particle dark matter with axion-photon couplings above
10

�13
GeV

�1 over the frequency range 4796.7–4799.5 MHz, corresponding to a narrow range of axion masses
centered around 19.84 µeV. This measurement represents the first implementation of a Josephson Traveling
Wave Parametric Amplifier (JTWPA) in a dark matter search. The JTWPA was operated in the insert of the
Axion Dark Matter eXperiment (ADMX) as part of an independent receiver chain that was attached to a 0.588-
liter cavity. The ability of the JTWPA to deliver high gain over a wide (3 GHz) bandwidth has engendered
interest from those aiming to perform broadband axion searches, a longstanding goal in this field.

Thought to compose 85% [1] of the matter content of the
universe, dark matter appears necessary to explain a variety of
observations, from galactic rotation curves and gravitational
lensing, to the anisotropies of the cosmic microwave back-
ground and the properties of galaxy cluster collisions [1–4].
Despite the scope of these observations, the nature of dark
matter remains a mystery. One particularly promising can-
didate is the axion, which has the unique ability not only to
account for all the dark matter [5–7], but also to solve the so-
called strong-CP problem [8–11].

One attempt to render the axion visible is called the res-
onant cavity haloscope, first proposed by Pierre Sikivie [12,
13]. The Axion Dark Matter eXperiment (ADMX) is one
such experiment that is unique in its ability to detect Dine-
Fischler-Srednicki-Zhitnitsky (DFSZ) axions [14–16]. Other
haloscopes have achieved sensitivity to the Kim-Schifman-
Vainshtein-Zakharov (KSVZ) model of the axion [17–24]. Of
the two, the DFSZ axion is the more difficult to detect, with
signals an order of magnitude smaller than the KSVZ ax-

* Correspondence to: chelsb89@uw.edu

ion. Sensitivity to the DFSZ axion is therefore a notewor-
thy feat. Such progress is attributable to the advent of ultra-
low-noise quantum amplifiers such as the Microstrip SQUID
Amplifier (MSA) [25] and the Josephson Parametric Ampli-
fier (JPA) [26, 27]. The subsequently developed Josephson
Traveling Wave Parametric Amplifier (JTWPA) [28] provides
power gain over a much wider bandwidth, which could enable
broadband axion searches.

The JTWPA consists of a lumped element transmission
line, where Josephson junctions are the non-linear inductive
element. When a microwave signal travels down the line, the
non-linear inductance causes four-wave mixing. This feature
enables the JTWPA to provide broadband power gain [28].
Due to this feature, it is recognized that the JTWPA is gener-
ally well-suited for axion searches that aim to cover a wider
range of the axion parameter space. Broadband experiments
are ideal for axion searches involving transient signals appear-
ing off-resonance, and allow for the possibility of multimode
searches [29, 30]. Another advantage of the JTWPA is that it
does not require a circulator to separate incoming and outgo-
ing modes, enabling a compact receiver design. This helpful
feature is ideal for axion searches hoping to take advantage of
any extra space in a volume that is typically constrained by
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4-Cavity System
ADMX RUN 2A RF Layout

Christian Boutan, Dec 18th 2019 2
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4-Cavity Array

Fabricated LLNL & Tested at  
FNAL now

FNAL Update
2021-07-15

1

Stefan Knirck 
(FNAL)

Nathan  
Woollett 
(LNLL→ 
QC company)

Tom 
Braine 
(UW)

Flexure Adjustment             Spread After Tuning

Stefan Knirck | 2A Cavity Tests at FNAL - Prototype and Full-Scale System 27

Spread ~	50kHz
!" ∼ (16.7 ± 0.5)k
!# ∼ (18.7 ± 0.5)k
!$ ∼ (16.8 ± 0.5)k
!% ∼ (17.5 ± 0.5)k
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Rod Center Position Center of Tuning Range Lower End of Tuning Range

!" ∼ ( 5 ± 1)k
!# ∼ (10 ± 1)k
!$ ∼ ( 9 ± 1)k
!% ∼ (15 ± 1)k

!" ∼ (15.3 ± 0.5)k
!# ∼ (33.0 ± 0.5)k

!% ∼ (29.9 ± 0.5)k

Spread ~	6MHz Spread ~	6MHz

!$ ∼ (14.0 ± 0.5)k

Prototype Full-Scale Conclusion

Promising initial results
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4-Cavity ElectronicsPower Combiner

October 9, 20192019 ADMX Meeting

Achievements - Wilkinson Power Combiners

• Designed and fabricated Wilkinson power 
combiners at WU, using in-house RF PCB fab.

• Achieved target insertion loss.
– All ports terminated: ideal transmission is -6 

dB, additional insertion loss < 0.4 dB
– Good agreement with simulations.

Room	temperature 4	K	/	mK

Tuesday, October 15, 19

First test 
indicates 0.5 dB 
insertion loss

UCB JPAs

• Photos of 1.4 GHz or 1.9 GHz JPA

6DPSOH�3KRWRV�

6DPSOH�3KRWRV�
Fabricated and tested at Wash U Fabricated at Berkeley and tested at  Wash U

Continue to use JPA
Promising performance

UCB JPAs

• Photos of 1.4 GHz or 1.9 GHz JPA

6DPSOH�3KRWRV�

6DPSOH�3KRWRV�
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ADMX EFR (18-Cavity)
9.4T MRI Magnet (UIUC)Fridge for  

Resonators
Fridge for  
Electronics 
25 mK, 0.01 Gauss

ADMX Run1 ADMX EFR
Volume (L) 117 258
B-filed (T) 7.6 9.4

System Noise (K) 350 425
Scan Speed FOM 1 4.8

Photon Transportation 
~5 m (<0.1 dB loss)

18-cavity 
100 mK

18 (36) JPAs (Squeezed)
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Summary

Ruled out one of the “invisible”  
axion model in ma = 3.2 − 4.1 μeV

QIS technology potentially makes 
another innovation in the axion 
search in the near future. 
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Quantum amplifiers make  
“invisible” axion visible. (if it exists)

ADMX is aiming to search  
axions up to 4 GHz.


