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QCD axion

An old puzzle: Why doesn’t strong interaction 
violate CP?

periodic in θ→θ+2π


leads to 

θ<10–10


blow up neutron to Earth size:        
allowed separation of electric charge 
<3µ
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QCD axion

Promote θ-parameter to a dynamical field


effect on pion Lagrangian in low energy:


potential for axion (U=1)


it settles a=–θ0 fa, canceling θ0


no CP violation at the minimum! 
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axion

motivated by strong CP problem


moduli/dilaton in string theory


could be dark matter


consider generically axion-like particle


couplings: , aF F̃
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relativistic axion

sources of relativistic axions


thermal axions


decay of dark matter into axions today


decay of topological defect e.g. string, 
wall



thermal axion

for QCD axion, 
decoupling 
temperature is 
typically Td>10TeV due 
to SN1987A constraint


regard free parameter


potentially addresses 
H0 tension

axion energy E=ℏω

⌦a(!) =
1

⇢c

d⇢a
d ln!
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dark matter decay

consider scalar dark 
matter χ→a a


decay in galactic halo 
gives monochromatic 
peak


decays in other 
galaxies add up to 
continuum due to 
redshifts



string

relied on simulation 
for QCD strings by M. 
Gorghetto, E. Hardy, G. 
Villadoro, 1806.04677, 
2007.04990


depends on decoupling 
temperature


assumed PMF=0

Td=faT
d=10 -3fa



Can we detect CaB?

assume 

dark matter v∼10–3 with narrow frequency 
distribution E=ℏω=mac2+mav2/2


axion experiments focus on very narrow 
frequency range and scan

relativistic axion spread out in frequencies

interactions need to be worked out without 
assuming non-relativistic

aF F̃
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frequency spectrum
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Maxwell equations

r ·E = ⇢� ga��B ·ra

r ·B = 0

r⇥E = �@tB

r⇥B = @tE+ J+ ga�� (B @ta�E⇥ra)

(⇤+m2
a)a = ga��E ·B
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QCD axion

ma=mπfπ/fa [eV]

8 111. Axions and other similar particles

Number counts of HB stars in a large sample of 39 Galactic GCs compared with the
number of red giants (that are not much affected by Primakoff losses) give a weak
indication of non-standard losses which may be accounted by Primakoff-like axion
emission, if the photon coupling is in the range |GAγγ | = (2.9± 1.8)× 10−11 GeV−1 [53].
Still, the upper bound found in this analysis,

|GAγγ | < 6.6 × 10−11 GeV−1 (95% CL), (111.13)

represents the strongest limit on GAγγ for a wide mass range, see Figure 111.1.
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Figure 111.2: Exclusion ranges as described in the text. The intervals in the
bottom row are the approximate ADMX and CAST search ranges. Limits on
coupling strengths are translated into limits on mA and fA using the KSVZ values
for the coupling strengths, if not indicated otherwise. The “Beam Dump” bar is
a rough representation of the exclusion range for standard or variant axions. The
limits for the axion-electron coupling are determined for the DFSZ model with an
axion-electron coupling corresponding to sin2 β = 1/2.

We translate the conservative constraint, Equation 111.13, on GAγγ to fA >

3.4 × 107 GeV (mA < 0.2 eV), using E/N = 0 as in the KSVZ model, and show the

June 5, 2018 20:09



a × B → γ
Use the effective coupling 
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Fig. 1: Sensitivity plot of IAXO and BabyIAXO in the primary ga� - ma parameter space, compared with the
QCD axion (yellow) band [37] and other current (solid) and future (dashed) experimental and observational limits
(we refer to [38] for details on those limits). The yellow band represent the standard QCD axion models and the
green line the benchmark KSVZ model.

Astrophysics has been exhaustively used to constrain the properties of axions and ALPs [19].
Despite more than 35 years of efforts, astrophysical constraints, however, still leave a relatively large
window for the existence of axions (in brief, the axion-photon coupling ga� must be lower than ⇠
10�10 GeV�1 and the axion mass ma lower than ⇠ 1 eV). Intriguingly, some astrophysical observa-
tions actually seem to hint at the presence of an axion or ALP. On one hand, the Universe seems to
appear too transparent to very high-energy photons [20–24], something that has promtped several au-
thors [20, 21, 25–34] to suggest explanations involving photon-ALP oscillations triggered by cosmic
magnetic fields. For this solution to work the required ALP mass must be ma . 10 neV and its coupling
to photons ga� ⇠ 10�11 GeV�1. Of course, more standard explanations or systematic effects cannot be
ruled out at the moment. In any case, the ALP solution to this anomaly will be fully tested by IAXO.
On the other hand, an excessive cooling rate is measured in many stars at different evolutionary stages:
red giants, supergiants, helium core burning stars, white dwarfs, and neutron stars. Collectively obser-
vations are in > 3� tension with stellar models, suggesting a new energy loss mechanism could be at
work. Interestingly, a QCD axion of few-meV would provide a perfect fit [35,36]. Most of the parameter
space invoked by these hints will be at reach of IAXO. In particular, a few meV axion is currently only
realistically testable by IAXO, as shown in Figures 1 and 2.
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steel and has a high thermal conductivity. Readings from
the thermometers on the cavity top and bottom indicate
that there is less than 30 s time delay between a change in
temperature at the top, and a subsequent change at the
bottom. The rapid change of the cavity temperature at its
bottom (far end from thermal link) led us to conclude that
heavily plated stainless steel could be used to construct
effective thermal radiation shields while minimizing the
amount of copper in the system.
The damaged still-temperature thermal shield was

replaced with a stainless steel shield plated with 0.002”
copper. This new shield has been sufficient, with no
obvious excess heat load at the mixing chamber level.

IV. DATA ANALYSIS AND RESULTS

The combined data from run 1 and run 2 covers the
frequency range 5.6–5.8 GHz. The data runs resulted in a
total of 10 406 raw subspectra, of which 10 090 were used
for the analysis presented here. The remaining 316 were
rejected due to their poor JPA gain stability, cavity
frequency drift, proximity to cavity mode crossing, etc.
Each sub-spectrum covers a 1.3 MHz analysis band with
resolution of Δνb ¼ 100 Hz. Here we give a brief descrip-
tion of the analysis. The analysis procedure is detailed in
Ref. [14]. The final limit shown in Fig. 4 is obtained by
combining the 10 090 selected subspectra in a weighted
sum that maximizes the SNR. The subspectra are aligned
by their IF frequency and averaged to extract the average

shape of the spectral baseline. Aligning them in this manner
allows us to cut IF bins that have been compromised by
narrow IF spikes from the analysis. Next, the average shape
of the spectral baseline is removed from each raw sub-
spectrum. The remaining baseline structure is removed by
dividing out a Savitzky-Golay (SG) fit and subtracting 1.
In the absence of an axion, each raw subspectrum is
now a dimensionless processed subspectrum described
by the same Gaussian distribution. This Gaussian distri-
bution has a mean of μ ¼ 0 and standard deviation of
σ ¼ 1=

ffiffiffiffiffiffiffiffiffiffi
τΔνb

p
. To put the raw subspectra in units of watts,

each raw subspectrum is multiplied by the average noise
power per bin. This also undoes the suppression of any
potential signal that would appear in a particularly noisy
bin. Now to scale the raw subspectra such that an axion
present in any bin would have the same value, we divide by
the Lorentzian axion conversion power profile. The
expected axion power is different across the RF frequency
spectrum and depends on the cavity quality factor Q,
coupling factor β, mode form factor C, and the cavity
transmission. In order to form the combined spectrum,
corresponding RF bins in different spectra are added
together with maximum likelihood (ML) weighting.
Groups of ten neighboring bins are then added together
with an extension of the ML method reducing the
resolution of the spectrum from Δνb ¼ 100 Hz to
Δνb ¼ 1 kHz. Next, overlapping groups of nine neighbor-
ing bins are added together, this time taking into account

FIG. 4. Our exclusion limit at 90% confidence. Green represents this work combined with our previous results presented in Ref. [15].
Red represents previous cavity limits from ADMX [21–24], pink represents results from Brookhaven [25], and blue represents results
from the University of Florida [26]. The axion model band is shown in yellow [27]. The KSVZ [11,12] and DSVZ [28,29] couplings are
plotted as dashed lines.
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Results from phase 1 of the HAYSTAC microwave cavity axion experiment
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We report on the results from a search for dark matter axions with the HAYSTAC experiment using a
microwave cavity detector at frequencies between 5.6 and 5.8 GHz. We exclude axion models with two
photon coupling gaγγ ≳ 2 × 10−14 GeV−1, a factor of 2.7 above the benchmark KSVZ model over the mass
range 23.15 < ma < 24.0 μeV. This doubles the range reported in our previous paper. We achieve a near-
quantum-limited sensitivity by operating at a temperature T < hν=2kB and incorporating a Josephson
parametric amplifier (JPA), with improvements in the cooling of the cavity further reducing the
experiment’s system noise temperature to only twice the standard quantum limit at its operational
frequency, an order of magnitude better than any other dark matter microwave cavity experiment to date.
This result concludes the first phase of the HAYSTAC program utilizing a conventional copper cavity and a
single JPA.

DOI: 10.1103/PhysRevD.97.092001

I. INTRODUCTION

The Standard Model of particle physics requires the
violation of charge parity (CP) symmetry in the strong
interaction, which leads to a theoretical neutron electric
dipole moment orders of magnitude larger than the
current experimental limit. To solve this problem,
Peccei and Quinn proposed a solution by which the
CP-violating θ term of the QCD Lagrangian would
dynamically relax to its CP-conserving minimum [1,2].
Shortly thereafter, Weinberg and Wilczek realized that this
mechanism implied the existence of a light pseudoscalar,
termed the axion [3,4]. Subsequently, it was realized that
the properties of the axion and the mechanism by which it
would be created in the early universe made it an excellent
candidate for the cold dark matter in galactic halos.
The axion mass, ma, has historically been taken to be in
the range 1 μeV≲ma ≲ 1 meV [5]. Recent lattice QCD
calculations have motivated higher mass axion searches,

favoring ma ≳ 50 μeV [6]. Because of its low mass and
its very weak interaction with matter and radiation,
detecting an axion is very challenging. In 1983,
P. Sikivie proposed an experimental axion detection
scheme based on the axion-photon conversion [7–9].
The natural conversion rate is very low. For it to be
detectable on a reasonable time-scale, this conversion must
be resonantly enhanced with a high quality factor micro-
wave cavity in a strong magnetic field. The resulting
resonant axion conversion power is

PS ¼
!
g2γ

α2ρa
π2Λ4

"!
ωcB2

0VCmnlQL
β

1þ β

"
ð1Þ

Here, gγ is a model dependent coupling constant, α is the
fine structure constant, ρa ≈ 0.45 GeV=cm3 is the local
axion density [10], and Λ ¼ 78 MeV encodes the depend-
ence of the axion mass on hadronic physics. The physical
coupling that appears in the axion-photon Lagrangian is
gaγγ ¼ maðαgγ=πΛ2Þ. The terms in the second set of
parentheses in Eq. (1) are experimentally controllable:
the coupling coefficient β, unloaded cavity quality factor
Q0, loaded cavity quality factor QL ¼ Q0=ð1þ βÞ, mag-
netic field B0, cavity frequency ωc, cavity volume V, and
mode form factor Cmnl. For ma ≈ 24 μeV, a typical KSVZ
model axion with gγ ¼ −0.97 [11,12] gives a conversion
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FIG. 2: Estimated constraints in the ALP parameter space in the EDM coupling gd (where the nucleon EDM is dn = gda and
a is the local value of the ALP field) vs. the ALP mass [17]. The green region is excluded by the constraints on excess cooling
of supernova 1987A [17]. The blue region is excluded by existing, static nuclear EDM searches [17]. The QCD axion is in the
purple region, whose width shows the theoretical uncertainty [17]. The solid red and orange regions show sensitivity estimates
for our phase 1 and 2 proposals, set by magnetometer noise. The red dashed line shows the limit from magnetization noise of
the sample for phase 2. The ADMX region shows what region of the QCD axion has been covered (darker blue) [34] or will
be covered (lighter blue) [59, 60]. Phase 1 is a modification of current solid state static EDM techniques that is optimized to
search for a time varying signal and can immediately begin probing the allowed region of ALP dark matter. To calculate limits
from previous (static) EDM searches as well as our sensitivity curves, we assume the ALP is all of the dark matter.

III. SENSITIVITY

The experimental sensitivity is likely to be limited by the magnetometer, rather than by the backgrounds discussed
below. We assume a SQUID magnetometer with sensitivity 10�16 Tp

Hz
as calculated from [38] for a ⇠ 10 cm diameter

sample and pickup loop (see Supplemental Materials). The sensitivity could be improved with better SQUIDs, a
larger sample/pickup loop (see Supplemental Materials), or other types of magnetometers. For example, atomic
SERF magnetometers could potentially improve this by another order of magnitude [56, 57].

Figure 2 shows the ALP parameter space of the EDM coupling gd versus ALP mass. This coupling is defined such
that the oscillating nucleon EDM is dn = gda where a is the local value of the classical ALP field (see [17] for a
detailed formula). This is di↵erent from the usual ALP-photon coupling parameter. The purple region of Fig. 2 shows
where the QCD axion lies in this parameter space. The dark purple is where the QCD axion may be the dark matter.
This parameter space is described in detail in [17].

The solid (orange and red) regions in Fig. 2 show estimates for the sensitivities for two phases of our proposed
experiments. Phase 1 (upper, orange region) is a more conservative version relying on demonstrated technology.
Phase 2 (lower, red region) relies on technological improvements which have been demonstrated individually but have
not been combined in a single experiment. Thus the phase 2 proposal may be taken as an estimate of one way to
achieve the sensitivity necessary to see the QCD axion with this technique. Since this is a resonant experiment and
the frequency must be scanned, realistically it would likely take several experiments to cover either region.

The dashed (red) line in Fig. 2 shows the ultimate limit on the sensitivity of the phase 2 experiment from sample

Budker et al

arXiv:1306.6089
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FIG. 1: Geometry of the experiment. The applied magnetic field ~Bext is colinear with the sample magnetization, ~M . The
e↵ective electric field in the crystal ~E⇤ is perpendicular to ~Bext. The SQUID pickup loop is arranged to measure the transverse
magnetization of the sample.

schemes have been shown to suppress broadening due to chemical shifts and increase T2 substantially [51]. T2 in
excess of 10 s or even 1000 s has been achieved in other materials, for example [51, 53, 54].

A material with a crystal structure with broken inversion symmetry at the site of the high-Z atoms is necessary
for generation of a large e↵ective electric field E⇤, which is proportional to the displacement of the heavy atom from
the centro-symmetric position in the unit cell [39]. In a ferroelectric, this displacement can be switched by an applied
voltage, however, given the oscillating nature of the ALP-induced signal, it may not be necessary to modulate this
displacement, in which case any polar crystal can be used. For ferroelectric PbTiO3, the e↵ective electric field is
E⇤

⇡ 3 ⇥ 108 V/cm [41]. For other materials, where polarization is permanent, this may be higher by a factor of a
few. A detailed discussion of the requirements for the sample material is in the Supplemental Materials.

The measurement procedure is as follows. The sample is repolarized after every time interval T1. Then the
applied magnetic field is set to a fixed value, which must be controlled to a precision equal to the fractional width
of the resonance. The magnetic field value determines the ALP frequency to which the experiment is sensitive. The
transverse magnetization is measured as a function of time with fixed applied magnetic field. We call a measurement
at a given value of magnetic field “a shot.” The total integration time at any one magnetic field value, tshot, is set
by the requirement that an O(1) range of frequencies is scanned in 3 years. If T2 is longer than the ALP coherence

time ⌧a, then when searching at frequency ma
c2

~ the width of the frequency band is ⇡ 10�6 ma
c2

~ . If T2 is shorter

than ⌧a then the width of the frequency band is ⇠ ⇡
T2
. Thus we take tshot =

10
8
s

min(106,
mac2T2

⇡~ )

. Using the magnetization

measurements taken over tshot the power in the relevant frequency band around 2µBext

~ is found. The applied magnetic
field is then changed to the next frequency bin and the procedure is repeated. The signal of an ALP would be excess
power in a range of magnetic fields (ALP frequencies). If multiple ALPs existed they would appear as multiple spikes
at di↵erent frequencies.

Note that at the lowest frequencies . T�1

2
the resonance is broadened significantly so that an O(1) range of

frequencies is covered in any given frequency bin. In this regime one may use any of the established techniques
searching for static nuclear EDMs but with short sampling times . ~

mac2
, then look for an oscillating signal in the

data.
This search for a time varying EDM is substantially di↵erent from searches for a static EDM using solid state

systems. In searching for a static EDM, it is necessary to separate the energy shift induced by the EDM from other
systematic e↵ects. This is accomplished by searching for energy shifts that modulate linearly with the applied electric
field in the sample. However, the modulation of the electric field can induce additional systematic shifts in the system
that occur at that modulation frequency, competing with the static EDM signal [49]. This is not the case for a time
varying EDM. The ALP induced EDM oscillates at a frequency set by fundamental physics and leads to observable
e↵ects in a system whose parameters are static. The time variation provides the handle necessary to separate this
signal from other systematic energy shifts and the signal can be detected without the need for additional handles such
as electric field reversals. This eliminates the systematic problems encountered by solid state static EDM searches
such as the dissipation e↵ects in the solid material associated with electric field reversals [49].

doesn’t work!
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Detecting Axion Dark Matter

An Axion In a Magnetic Field

▸ Modification to Ampere’s law (MQS approximation) 

▸ An oscillating axion field creates an “effective current” in the presence of a 
magnetic field
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ABRACADABRA

A Broadband/Resonant Approach to Cosmic Axion Detection with an 
Amplifying B-Field Ring Apparatus

▸ Start with a toroidal magnet with a fixed 
magnetic field B0

▸ ADM generates an oscillating effective 
current around the ring (MQS approx: 
λ≫R)

▸ … this generates an oscillating magnetic 
field through the center of the toroid

▸ Insert a pickup loop in the center and 
measure the induced current in the loop 
read out by a SQUID based readout
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dark matter decay
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daily modulation

detection rate depends 
on the incident angle


e.g. ADMX


dark matter 
concentrated in 
galactic center


expect daily 
modulation
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Conclusions

CaB detection is not easy

we’ve not detected CνB either!


possible for

dark matter decay

string


requires different analysis strategy

potential daily modulation



axion string is 
superconducting

Hajime Fukuda, Aneesh Manohar, HM, Ofri Telem, 2010.02763



QCD axion string

axion is Nambu-Goldstone boson of 
spontaneously broken U(1)PQ symmetry

if broken after inflation, creates cosmic 
string by Kibble-Zurek mechanism

U(1)PQ anomalous, strings ultimately unstable

if there is an exact (non-anomalous) ZN 
subgroup of U(1)PQ also domain walls


dominates the universe, disaster

not possible for DFSZ. Assume KSVZ

consider minimal PQ fermions: one triplet
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axion vs GW
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KSVZ axion
integrate out massive Q


new contribution to the EM current


EM current not conserved??
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KSVZ axion

then not gauge-invariant??

implies massless chiral fermion on the string 
that cancels the anomaly

similar to edge state in FQHE

in the UV description, it is the zero mode of 
PQ fermion Q on the string

Witten, Callan, Goldstone-Wilczek, …
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superconducting string

chiral massless fermion on the string


translational invariance along the z direction


build-up of charge and current: London eq

superconducting!
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current dissipation

heavy Q would overclose the Universe


Q needs to decay to SM


H or qR hitting the string and knocking out 
the zero mode of Q from the string


dissipation stops below the temperature
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primordial magnetic field

the origin of intergalactic magnetic field 
B≈10µG is not understood


possible primordial magnetic field from phase 
transition


string moves in the magnetic field


string sees the electric field


leads to build up of charge



friction

once string charged, 
friction in plasma

string does not move 
freely to simplify its 
network

does not reach scaling, 
disappears much more 
slowly

leads to denser network

leads to much more 
axions
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axion abundance

normally dark matter 
axion from misalignment 
fa>1012 GeV


Here, fa≈107 GeV


tension with astrophysical 
bounds fa≿109 GeV


needs simulation for more 
detailed study
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axion abundance

If Tinit < 100 GeV or 
so, higher fa allowed


challenge to models of 
PMF generation
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Conclusion

axion string is superconducting (generic for 
all axion-like particles with  coupling)


QCD axion string needs minimal KSVZ model


with PMF, charge builds up, creates friction 
in string motion, enhances axion abundance


other consequences?

aF F̃
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