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4 111. Axions and other similar particles
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Figure 111.1: Exclusion plot for axion-like particles as described in the text.

structure, for example when two NG bosons are attached to one fermion line as in axion
emission by nucleon bremsstrahlung [21].

In the DFSZ model [18], the tree-level coupling coefficient to electrons is [22]

Ce =
sin2 β

3
, (111.8)

where tan β = vu/vd is the ratio of the vacuum expectation value vu of the Higgs field Hu
giving masses to the up-type quarks and the vacuum expectation value vd of the Higgs
field Hd giving masses to the down-type quarks.

For nucleons, Cn,p have recently been determined as [11]

Cp = −0.47(3) + 0.88(3)Cu − 0.39(2)Cad − 0.038(5)Cs

− 0.012(5)Cc − 0.009(2)Cb − 0.0035(4)Ct ,

Cn = −0.02(3) + 0.88(3)Cd − 0.39(2)Cu − 0.038(5)Cs

− 0.012(5)Cc − 0.009(2)Cb − 0.0035(4)Ct ,

(111.9)

in terms of the corresponding model-dependent quark couplings Cq, q = u, d, s, c, b, t.
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In the DFSZ (Dine-Fischler-Srednicki-Zhitnitskii) model [22], 

 gaγγ
DFSZ ≈ 0.14  ma

GeV2 . (7) 

2. Haloscope Detectors 

Because low-mass axions have extremely low decay rates and exceptionally weak 
interactions with hadronic matter and electromagnetism, they were originally thought to be 
“invisible” to traditional observational technology [23]. However, Sikivie showed that the decay 
of dark matter axions is greatly accelerated within a strong static magnetic field through the 
inverse Primakoff effect [24]. 

In a static magnetic field, one photon is "replaced" by a virtual photon, while the other 
maintains the energy of the axion, equal to the rest-mass energy (mac2) plus the nonrelativistic 
kinetic energy. B in Eq. (3) is effectively changed to the static magnetic field, B0. The decay rate 
of the axion increases effectively as B0

2. Figure 1 shows the Feynman diagrams of the axion-
photon interaction for the two scenarios. 

 

 

 

 
 (a) (b)  

FIGURE 1. Feynman diagram of axion decay into photons. a) The conversion in vacuum. b) The inverse 
Primakoff effect in a static magnetic field (B0). 

Sikivie proposed an axion dark matter detection scheme based on the Primakoff effect, 
where a microwave cavity, permeated by a strong magnetic field, is used to resonantly increase  
the number of photons produced by the axion decay [25]. The axion-photon conversion is  
enhanced when the resonant frequency f ≈ mac2

h
, where h is Planck’s constant. There is also a small  

correction due to the kinetic energy of the axion, but this is tiny (∆E
E

 ≈ 10-6) for cold dark matter.   
Sikivie named this axion dark matter detector a haloscope.  

Due to the E ‧ B0 term in the Primakoff-decay Lagrangian, a sufficient amount of electric 
field of the resonant mode must be parallel to the static magnetic field and in-phase throughout 
the cavity to convert the axion decay into a detectable signal. A normalize form factor is used to 
quantify the coupling between a cavity mode and the axion decay, 

 Cmnp≡
|∫ d3x B0∙Emnp(x)|

2

B0
2V ∫ d3x|Emnp(x)|2 . (8) 

Emnp(x) is the electric field of a given mode (denoted by the subscripts m, n, and p) within the 
cavity, and V is the total internal volume of the cavity [26]. 

探索原理と感度
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superconducting magnet. The geometry and, thus, fre-
quency of the cavity is changed by means of two cop-
per-plated tuning rods extending the length of the cavity
interior, which can be moved from near the center to the
perimeter in very small increments. The cavity, magnet, and
tuning system are described in more detail in Refs. [27,31].
If the TM010 cavity resonant mode radio frequency (rf)
overlaps with the frequency of photons from dark matter
axion conversion, power is expected to develop in the
cavity in excess of thermal noise:
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Here, V is the cavity volume, B is the magnetic field, C is a
form factor representing the overlap between the micro-
wave electric field and the static magnetic field, gγ is the
model-dependent part of the axion-photon coupling with a
value of −0.97 and 0.36 for the KSVZ and DFSZ bench-
mark models, respectively, ρa is the axion dark matter
density at Earth’s location, f is the frequency of the photons
from axion conversion, and Q is the loaded cavity quality
factor. This power has been scaled to typical experimental
parameters for the results reported here.
Power in the TM010 mode of the cavity is extracted with a

critically coupled antenna, passed through the chain shown in
Fig. 1, and amplified by a voltage-tunablemicrostrip SQUID
(superconducting quantum interference device) amplifier
(MSA) [32,33] located in a magnetic field-free region.
The signal is then passed through a cryogenic heterostructure

field-effect transistor (HFET) amplifier and mixed with a
local oscillator to center the cavity resonant frequency at the
10.7-MHz intermediate frequency for further processing and
analysis. The operation of a MSA in an axion experiment is
described in more detail in Ref. [31]. The signal is digitized
and the voltage-time series is converted into a power-
frequency spectrum over a 25-kHz bandwidth, which
roughly matches the bandwidth of the cavity.
The signal-to-noise ratio (SNR) of an axion signal power

to thermal noise power is of paramount importance in
exploring axion masses rapidly. It is given by [34]

SNR ¼ ðPaxion=kTsystemÞðt=bÞ
1
2; ð2Þ

where k is Boltzmann’s constant, Tsystem is the sum of the
physical temperature of the cavity and the noise temper-
ature of the receiver, t is the time spent integrating at a
particular frequency, and b is the bandwidth of the axion
signal set by the local axion velocity distribution.
The cavity and MSA are cooled by a dilution refrigerator

to minimize thermal background and excess thermal noise
from the amplifier. The refrigerator has a cooling power of
800 μW at 100 mK. The cavity temperature, as measured
by ruthenium oxide thermometers throughout the run, was
typically 150 mK, with the MSA temperature measured to
be about 300 mK due to additional heat in the vicinity of the
MSA. The expected contribution to the system noise of the
MSA is bounded from below by the standard quantum limit
(30 mK at the frequencies reported in this Letter) and is
typically near half of its physical temperature.
The power in the receiver was calibrated from the

temperature sensors by comparing the power measured
on and off the cavity resonance. Off resonance, the MSA
amplified primarily Johnson noise from attenuator A4 in

FIG. 1. ADMX cryogenic chain. C1 and C2 are circulators,
MSA is the microstrip SQUID amplifier, A1 − A4 are attenuators,
and HFETs are the cooled transistor amplifiers. In the data-taking
configuration, the output of the cavity is sent via C1 to be
amplified by the MSA, via C2 to be amplified further by the
HFETs, and to the receiver for mixing to 10.7 MHz, further
amplification and digitization of the power from the cavity.
Network analyzer transmission (S21) and reflection measure-
ments (S11) are made before each digitization.

FIG. 2. One of the power measurements used to calibrate the
system noise temperature. Off resonance, the power is the sum of
the 300-mK physical temperature of an attenuator and the
receiver noise temperature. On resonance, the power is
the sum of the 150-mK physical temperature of the cavity and
the receiver noise temperature. The noise power on versus off
resonance acts as an effective hot-cold load, with the physical
temperatures measured with sensitive thermometers. The asym-
metry of the shape is a result of interactions between components,
as described in the Supplemental Material [35].
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FIG. 2. One of the power measurements used to calibrate the
system noise temperature. Off resonance, the power is the sum of
the 300-mK physical temperature of an attenuator and the
receiver noise temperature. On resonance, the power is
the sum of the 150-mK physical temperature of the cavity and
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resonance acts as an effective hot-cold load, with the physical
temperatures measured with sensitive thermometers. The asym-
metry of the shape is a result of interactions between components,
as described in the Supplemental Material [35].

PHYSICAL REVIEW LETTERS 120, 151301 (2018)

151301-2

DM Axion 高磁場 & 共振空洞 & 低温

SQUID 
HEMT等

…

Fig. 1 with a temperature around 300 mK. On resonance,
the MSA amplified primarily the blackbody radiation from
the cavity with a temperature around 150 mK. The noise
power spectrum was fit with a model of the chain (Fig. 2) to
determine the total noise temperature. More detail is
provided in the Supplemental Material [35] and Ref. [36].
The results reported here are based on data acquired

between January 18, 2017 and June 11, 2017. The data
acquisition and analysis procedures are similar to those
described in Ref. [27] and are summarized here. A single
cycle of data acquisition consists of a small frequency step
via the physical positioning of the tuning rods, measuring
the TM010 mode frequency and loaded QL via S21 trans-
mitted power using a network analyzer, measuring the
coupling to the mode with S11 reflected power, also with a
network analyzer, and then digitizing the power coming out
of the cavity for a period of 100 s in a bandwidth of 25 kHz
centered on the TM010 resonant frequency.
Our results reported are based on 78 958 spectra each

25 kHz wide. Under optimal experimental conditions, a
typical frequency bin achieved desired sensitivity when
measured by 20 overlapping spectra (see Fig. 3).

Periodically during operation, we evaluated the expected
sensitivity to an axion signal, and more scans were added to
compensate for low-sensitivity regions due to a varying
noise temperature or tuning speed. With sufficient raw data
collected, a preliminary analysis was performed to identify
spectral features consistent with an excess power from an
axion signal.
The analysis consisted of first generating a power spec-

trum from each 100-s digitization with a 96-Hz bin size,
following the procedure outlined in Ref. [38]. The receiver
transfer function spectral shapes were removed with a
Savitsky-Golay filter (length 121 and polynomial order 4)
to 95% of the least-deviant power bins, thus, removing
structures much broader than axion signals. If the standard
deviation of the 95% least-deviant points was more than
20% above the expected standard deviation for white noise,
the background fit was declared poor, and the data were
removed from further analysis steps. The power was scaled
to the known system noise and weighted byQL to produce a
measurement of power excess in each bin attributable to an
axion signal. This power excess was then optimally filtered
by convolving with two astrophysically motivated axion
signal shapes: first, the boosted Maxwell-Boltzmann dis-
tribution predicted by the standard halo model of axion dark
matter [39] (which has a linewidth of roughly 700 Hz at the
frequencies reported here), and second, by the N-body
derived line shape described in Ref. [37] (with a linewidth
nearly half that of the Maxwell-Boltzmann distribution),
each model yielding the excess power attributable to an
axion of a given mass. When the data were statistically
consistent with no axion signals being present, the signal
power measurement and uncertainty could be used to set an
upper limit on axion-photon coupling using Eq. (1).
Frequencies at which the power was in excess of 3σ above
the mean were labeled as “candidates” and flagged for
rescan and further analysis.
Candidate signals were rescanned to equivalent sensi-

tivity to measure their persistence. If the excess power
persisted in any of the candidates, a second and longer
rescan was then performed at the candidate signal frequen-
cies for 3 times as long to improve local sensitivity and
candidate significance. Any frequencies where excess
power persisted following the second rescan were analyzed
individually for the possibility of interference.
We tested the performance of the analysis by imposing

software-simulated axion signals onto the raw power
spectra. We injected 25 000 software-simulated signals
into the data set with couplings varying between DFSZ
and 10 times KSVZ, ran through the analysis process, and
evaluated the resulting candidate power to determine the
systematic uncertainty associated with the background
subtraction. Figure 3 shows the effect of the injected
signals in both the background-subtracted spectra and
the final filtered and combined spectrum.
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FIG. 3. Upper figure: Series of background-subtracted single
scans with synthetic axion signals with the N-body inspired signal
shape [37], one at KSVZ coupling and one at DFSZ coupling. The
KSVZ signal is easily visible in these individual spectra; the DFSZ
signal being a factor of 7 smaller is not. Lower figure: Same data
after the individual scans have been optimally filtered and com-
bined. Both KSVZ and DFSZ signals are visible with high SNR.
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Axion Dark Matter eXperiment (ADMX)
1996年にLLNLで開始。現在はワシントン大に移設。 
2018年にDFSZモデルに到達。30人規模の実験。 
(Washington, Florida, Berkeley, LLNL, LANL, PNNL, Fermilab,…)

Lawrence Livermore National Laboratory LLNL-PRES-677763 
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資料

Varactor tuning an MSA
Principle of SQUIDs as microwave amplifiers
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資料

Microstrip SQUID Amplifier (MSA) <1GHzまで対応

MSA RF Connections
Practical MSA design and optimization

• Input microstrip is referenced to the active SQUID washer, not to ground.
• This results in capacitive feedback from the SQUID output voltage to the input coil

https://indico.fnal.gov/event/17488/contribution/6/material/slides/0.pdf
https://indico.in2p3.fr/event/16579/contributions/60840/attachments/47276/59399/Moriond.pdf
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Microstrip SQUID Amplifier (MSA)

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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FIG. 4. The 90% upper confidence excluded region of axion mass and photon coupling gaγγ . The red line indicates the limit on axion-
photon coupling with the boosted Maxwell-Boltzmann line shape from the isothermal halo model [39], while the blue line indicates the
limit with the N-body inspired signal [37]. Colored regions indicate the systematic uncertainty range. The region 660.16 to 660.27 MHz
marked by the gray bar was vetoed due to interference as described in the text. The inset shows the results in the context of other
haloscope searches.
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PRL 120, 151301

https://indico.fnal.gov/event/17488/contribution/6/material/slides/0.pdf
https://indico.in2p3.fr/event/16579/contributions/60840/attachments/47276/59399/Moriond.pdf
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.151301
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Run year 探索領域 (DFSZ感度) アンプ キャビティ 現状

2017 2.7-2.8μeV 0.65-0.68GHz MSA(<~1GHz) Single Cavity Published 
PRL 120, 151301

2018 2.8-3.3μeV 0.68-0.8GHz JPA (>0.5GHz) ↓ 解析中 
Preliminary結果

2019 3.3-5μeV 0.8-1.3GHz ↓ new tuning rod データ 
取得中

2020- 6-9μeV 1.5-2.2GHz ↓ 4-Cavity 小型prototype 
テスト中

202X-
10-40μeV 2.5-10GHz ↓ 14-Cavity 

Photonic Bandgap R&D

40-μeV 10GHz 単一光子検出 ↓ R&D

ほぼ決定

進捗次第

ADMX

ADMX Sidecar

Christian Boutan, April 15th, 2019

 2018run
ADMX ロードマップ

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.151301
https://absuploads.aps.org/presentation/upload/APR19/Z09/APR19-001282/presentation15404_ewgigcblmnhi.pdf
https://absuploads.aps.org/presentation/upload/APR19/Z09/APR19-001282/presentation15404_ewgigcblmnhi.pdf


Prototype: Mode Structure 

Christian Boutan, April 15th, 2019

4-Cavity (5-10μeV)
 9

2A Cavity Array Core Assembly Overview

• Based on Prototype v2 design

• Cavity ID and coarse tuning rod OD scaled by 

2.85 à tuning range 1.5 - 2.2 GHz

• Cavity length scaled by 5.5 to 37.85”

• 76 liters volume

• 76 kg

Prototype v2

2A

直径を細しつつ、有感領域を確保。 
直径 : 42cm ->16cm × 4本 
4つの出力をまとめて増幅するため、共振周波数の一致が重要

ADMX Sidecar

ADMX

AD
M

X 
4 

–
Ca

vi
ty

 A
rr

ay

~ 6 – 9 µeV

Christian Boutan, April 15th, 2019

小型prototypeでのテスト

APS Apr2019 slidesより

https://absuploads.aps.org/presentation/upload/APR19/T04/APR19-001417/presentation15085_smljtmbcncms.pdf


ADMXの40μeV以上の戦略
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Multi-qubit sensors can achieve vanishing background rates

7

DFSZ, 0.3 GeV/cc, 14T, C=1/2, Q=5x104@1GHz, 1!3, crit.coup.

Axion signal

SQL bkgd

Signal shot noise limit 3σ, t=104 s
4 qubit 3σ sensitivity

4 qubit dark rate

5 qubit 3σ sensitivity

5 qubit dark rate

25 mK blackbody

20 GHz = 80 "eV

Aaron S. Chou (FNAL), LLNL Cavity Workshop 2018

Potential 
background
reduction

Sensitivity is only limited by signal shot noise.  Signal rate can be increased 
with: 1) higher B field; 2) power-combined cavities; 3) higher Q cavities

Error prob. for 
n-qubit 
coincidence 
counting =
(10-2)n

Photon Rates of Signal and Backgrounds

3

• Signal Rate decreases 
with cavity volume. 
<<1 photon per cavity 
measurement  

• Quantum limited noise 
from linear amplifier = 
1 photon/
measurement

資料

SQL bkg.   
信号量   
→ SQLは高質量でより深刻に

∼ ℏf/kB ∝ f

∝ V ∼ f −3

増幅は強度と位相の同時測定 :   Δn ⋅ Δϕ > 1/2

解) 単一光子検出 : 特にQubit 
      → 位相のランダム化と 
　       引き換えにSQL回避

　解) 信号パワーの増加 : CavityのQ値改善 (or V,B)

課題1 :  
Standard Quantum Limit (SQL)

課題2 : 信号の統計ゆらぎ
SQL回避後の唯一のbkg.

https://indico.fnal.gov/event/17488/contribution/27/material/slides/0.pdf
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Harmonic Oscillator + Two Level System

6

H = !ca
†a+ !q�z + 2�a†a�z

14

Cavity Occupation Imprinted on Qubit

Cavity occupation shifts 
qubit transition

!q!q � �

!q � 2�

|n = 0i
|n = 1i

|n = 2i � ⇠ 15 MHz

H = !ca
†a+ (!q + 2�a†a)�z

- 光子の存在が、qubitの遷移周波数をずらす。 
- 測定で光子が壊れない。(Quantum Non-Demolition) 
→ 複数回の測定で測定効率を上げられる。

量子コンピュータの制御技術でもある。

Jaynes-Cummings Hamiltonian

先端研, 中村氏他  : 2018, Nature physics letter 
理研, 猪俣氏他     : 2016, Nature communicationFermilab等がAxion探索への応用の基礎研究(talk)

H/ℏ = ωca†a + ωqσz − χa†aσz

Harmonic Oscillator + Two Level System

6

H = !ca
†a+ !q�z + 2�a†a�z

調和振動子+二準位の系 (cavity + qubitなど)

= ωca†a + (ωq − χa†a)σz

|g⟩

|n = 0⟩

|n = 1⟩
ωq

ωq − χ

ジ
ョ
セ
フ
ソ
ン
接
合

日本も最先端の技術を持つ。

https://www.nature.com/articles/s41567-018-0066-3.pdf
https://www.nature.com/articles/ncomms12303.pdf
https://indico.fnal.gov/event/17488/contribution/27/material/slides/0.pdf


Future-Higher Frequency 
Searches, >4 GHz

4/16/2019 April APS 11

Comb cavity (FNAL)“Pizza” Cavity (U. Florida)

Orpheus (U. Washington) 

Orpheus: Tuesday, April 16, 4:18, 
Z09.00005, Raphael Cervantes

• R&D platforms for higher frequency 
searches

• Difficult to design systems with a 
large volume and small tuning 
structures

Photonic Bandgap(LLNL)

キャビティ種々技術 (10μeV-)
 12

APS Apr2019 slidesより

Cavity array

¨ Higher frequency search:

q Cavities get smaller -- use many cavities

q Need to be in phase/identical resonance
-- frequency lock system

q Power combiner and divider R &D

q >1 GHz in production/development

f = c
2.61*R

or R
1cm

=
11.5GHz

f
f = 550MHz⇒ R = 21cm,L =100cm
f = 4.5GHz⇒ R = 2.6cm,L = 5.6cm

Cavities # Res freq.
MHz

Tuning range
MHz

Tuning 
range
μeV

1 575 402-575 1.7-2.4

1 575 575-908 2.4-3.8

2 897 897-1417 3.7-5.9

4 1207 1207-1907 5-7.9

8 1899 1899-3001 7.8-12

16 2959 2959-4675 12-19

32 3983 3983-6293 16-26

4-6 GHz

2-4 GHz1-2 GHz

0.5-1GHz
Cavities etc.: 
multi-array, 
photonic band-gap, 
open resonators, 
photon counting

48

https://absuploads.aps.org/presentation/upload/APR19/Z09/APR19-001282/presentation15404_ewgigcblmnhi.pdf
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4 111. Axions and other similar particles
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Figure 111.1: Exclusion plot for axion-like particles as described in the text.

structure, for example when two NG bosons are attached to one fermion line as in axion
emission by nucleon bremsstrahlung [21].

In the DFSZ model [18], the tree-level coupling coefficient to electrons is [22]

Ce =
sin2 β

3
, (111.8)

where tan β = vu/vd is the ratio of the vacuum expectation value vu of the Higgs field Hu
giving masses to the up-type quarks and the vacuum expectation value vd of the Higgs
field Hd giving masses to the down-type quarks.

For nucleons, Cn,p have recently been determined as [11]

Cp = −0.47(3) + 0.88(3)Cu − 0.39(2)Cad − 0.038(5)Cs

− 0.012(5)Cc − 0.009(2)Cb − 0.0035(4)Ct ,

Cn = −0.02(3) + 0.88(3)Cd − 0.39(2)Cu − 0.038(5)Cs

− 0.012(5)Cc − 0.009(2)Cb − 0.0035(4)Ct ,

(111.9)

in terms of the corresponding model-dependent quark couplings Cq, q = u, d, s, c, b, t.

June 5, 2018 20:09

ABRACADABRA
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Figure 1. A (gapped) toroidal geometry to generate a static
magnetic field B0. The dashed red circle shows the location
of the superconducting pickup loop of radius r  R. The gap
ensures a return path for the Meissner screening current; see
discussion in main text.

(KSVZ model [19, 20]). Thus, in the presence of a static
magnetic background B0, there is an axion-sourced ef-
fective current

Je↵ = ga��
p
2⇢DM cos(mat)B0. (5)

This e↵ective current then sources a real magnetic field,
oscillating at frequency ma, that is perpendicular to B0.

Our proposed design is shown schematically in Fig. 1.
The static magnetic field B0 is generated by a constant
current in a superconducting wire wrapping a toroid, and
the axion e↵ective current is detected with a supercon-
ducting pickup loop in the toroid hole. In the absence of
axion DM (or noise), there is no magnetic flux through
the pickup loop. With axion DM, there will be an os-
cillating magnetic flux through the pickup loop propor-
tional to

p
⇢DM. This design is inspired by cryogenic cur-

rent comparators (CCCs) [21], which are used for mea-
suring real currents. The key di↵erence here is the static
external field B0, which generates an e↵ective electric
current in the presence of axion DM instead of the real
current in the case of the CCC.

In a real implementation of both designs, the signal
flux is actually sourced by a Meissner current which re-
turns along the outside surface of a gapped toroid. The
size of the gap is not crucial for our analysis, but must
be su�ciently large that parasitic capacitance e↵ects do
not generate a displacement current, which might shunt
the Meissner return current and reduce the induced sig-
nal B-field. For wires of diameter 1 mm and a meter-
sized toroid, a gap of a few millimeters allows unscreened
currents up to the frequency at which the magnetoqua-
sistatic approximation breaks down and displacement
currents are unavoidable. In what follows, we will es-
timate our sensitivity using the axion e↵ective current
which is correct up to O(1) geometric factors.

We consider two distinct circuits for reading out the
signal, both based on a superconducting quantum in-

Figure 2. Anticipated reach in the ga�� vs. ma plane for
the broadband (Broad) and resonant (Res) strategies. The
benchmark parameters are T = 0.1 K, r = a = R = h/3
(see Fig. 1), and Lp = Lmin ⇡ ⇡R2/h. The total measure-
ment time for both strategies is t = 1 yr, where the resonant
experiment scans from 1 Hz to 100 MHz. The expected pa-
rameters for the QCD axion are shown in shaded red, with
the corresponding decay constant fa inset at bottom right.
The projected sensitivities of IAXO [41] and ADMX [14] are
shown shaded in light green. Published limits from ADMX
[13] are shown in gray.

terference device (SQUID). The broadband circuit uses
a untuned magnetometer in an ideally zero-resistance
setup, while the resonant circuit uses a tuned magne-
tometer with irreducible resistance. Both readout cir-
cuits can probe multiple orders of magnitude in the axion
DM parameter space, though the broadband approach
has increased sensitivity at low axion masses.
A related proposal, utilizing the axion e↵ective current,

was put forth recently by Ref. [22] (see also Ref. [23] for a
preliminary proposal and Ref. [24] for a similar design for
detecting dark photon DM). That design was based on
a solenoidal magnetic field, with the pickup loop located
inside of the solenoid, and focused on resonant readout
using an LC circuit. The design presented here o↵ers a
few advantages. First, the toroidal geometry significantly
reduces fringe fields compared to a solenoidal geometry.
Second, the pickup loop is located in an ideally zero-
field region, outside of the toroidal magnetic field B0,
which should help reduce flux noise. Third, as we will
show, broadband readout has significant advantages over
resonant readout at low axion masses. Our proposal is
complementary to the recently proposed CASPEr exper-
iment [25], which probes a similar range of axion masses
but measures the coupling to nuclear electric dipole mo-
ments rather than the coupling to QED. See Refs. [26–40]
for other proposals to detect axion DM.
For concreteness, our sensitivity studies are based on

MIT-CTP 4763, PUPT 2497

Broadband and Resonant Approaches to Axion Dark Matter Detection

Yonatan Kahn,1, ⇤ Benjamin R. Safdi,2, † and Jesse Thaler2, ‡

1
Department of Physics, Princeton University, Princeton, NJ 08544, U.S.A.

2
Center for Theoretical Physics, Massachusetts Institute of Technology, Cambridge, MA 02139, U.S.A.

(Dated: September 29, 2016)

When ultralight axion dark matter encounters a static magnetic field, it sources an e↵ective
electric current that follows the magnetic field lines and oscillates at the axion Compton frequency.
We propose a new experiment to detect this axion e↵ective current. In the presence of axion dark
matter, a large toroidal magnet will act like an oscillating current ring, whose induced magnetic
flux can be measured by an external pickup loop inductively coupled to a SQUID magnetometer.
We consider both resonant and broadband readout circuits and show that a broadband approach
has advantages at small axion masses. We estimate the reach of this design, taking into account the
irreducible sources of noise, and demonstrate potential sensitivity to axion-like dark matter with
masses in the range of 10�14 � 10�6 eV. In particular, both the broadband and resonant strategies
can probe the QCD axion with a GUT-scale decay constant.

A broad class of well-motivated dark matter (DM)
models consists of light pseudoscalar particles a coupled
weakly to electromagnetism [1–3]. The most famous ex-
ample is the QCD axion [4–7], which was originally pro-
posed to solve the strong CP problem. More generally,
string compactifications often predict a large number of
axion-like particles (ALPs) [8], with Planck-suppressed
couplings to electric (E) and magnetic (B) fields of the
form aE ·B. Unlike QCD axions, generic ALPs do not
necessarily couple to the QCD operator GG̃, where G
is the QCD field strength. The masses and couplings
of ALP DM candidates are relatively unconstrained by
theory or experiment (see Refs. [9–11] for reviews). It
is therefore important to develop search strategies that
cover many orders of magnitude in the axion parameter
space.

The ADMX experiment [12–14] has already placed
stringent constraints on axion DM in a narrow mass
range around ma ⇠ few ⇥ 10�6 eV. However, ADMX is
only sensitive to axion DM whose Compton wavelength
is comparable to the size of the resonant cavity. For the
QCD axion, the axion mass ma is related to the Peccei-
Quinn (PQ) symmetry-breaking scale fa via

fama ' f⇡m⇡, (1)

where m⇡ ⇡ 140 MeV (f⇡ ⇡ 92 MeV) is the pion mass
(decay constant). Lighter QCD axion masses therefore
correspond to higher-scale axion decay constants fa. The
GUT scale (fa ⇠ 1016 GeV, ma ⇠ 10�9 eV) is par-
ticularly well motivated, but well beyond the reach of
ADMX as such small ma would require much larger cav-
ities. More general ALPs can also have lighter masses
and larger couplings than in the QCD case.

In this Letter, we propose a new experimental de-
sign for axion DM detection that targets the mass range
ma 2 [10�14, 10�6] eV. Like ADMX, this design ex-
ploits the fact that axion DM, in the presence of a static
magnetic field, produces response electromagnetic fields
that oscillate at the axion Compton frequency. Whereas

ADMX is based on resonant detection of a cavity exci-
tation, our design is based on either broadband or reso-
nant detection of an oscillating magnetic flux with sen-
sitive magnetometers, sourced by an axion e↵ective cur-
rent. Our static magnetic field is generated by a su-
perconducting toroid, which has the advantage that the
flux readout system can be external to the toroid, in a
region of ideally zero static field. Crucially, this setup
can probe axions whose Compton wavelength is much
larger than the size of the toroid. If this experiment were
built, we propose the acronym ABRACADABRA, for “A
Broadband/Resonant Approach to Cosmic Axion Detec-
tion with an Amplifying B-field Ring Apparatus.”
For ultralight (sub-eV) axion DM, it is appropriate to

treat a as a coherent classical field, since large DM num-
ber densities imply macroscopic occupation numbers for
each quantum state. Solving the classical equation of
motion with zero DM velocity yields

a(t) = a0 sin(mat) =

p
2⇢DM

ma
sin(mat) , (2)

where ⇢DM ⇡ 0.3 GeV/cm3 is the local DM density [15].1

Through the coupling to the QED field strength Fµ⌫ ,

L � �
1

4
ga��aFµ⌫

eFµ⌫ , (3)

a generic axion will modify Maxwell’s equations [16], and
Ampère’s circuit law becomes

r⇥B =
@E

@t
� ga��

✓
E⇥ra�B

@a

@t

◆
, (4)

with similar modifications to Gauss’s law. For the QCD
axion, ga�� = g↵EM/(2⇡fa), where ↵EM is the electro-
magnetic fine-structure constant and g is an O(1) num-
ber equal to ⇠ 0.75 (�1.92) for the DFSZ model [17, 18]

1 The local virial DM velocity v ⇠ 10�3 will give small spatial
gradients ra / v.
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The axion is a promising dark matter candidate, which was originally proposed to solve the strong-
CP problem in particle physics. To date, the available parameter space for axion and axion-like
particle dark matter is relatively unexplored, particularly at masses ma . 1µeV. ABRACADABRA
is a new experimental program to search for axion dark matter over a broad range of masses,
10�12 . ma . 10�6 eV. ABRACADABRA-10 cm is a small-scale prototype for a future detector
that could be sensitive to the QCD axion. In this Letter, we present the first results from a 1month
search for axions with ABRACADABRA-10 cm. We find no evidence for axion-like cosmic dark mat-
ter and set 95% C.L. upper limits on the axion-photon coupling between ga�� < 1.4⇥ 10�10 GeV�1

and ga�� < 3.3⇥ 10�9 GeV�1 over the mass range 3.1⇥ 10�10 eV – 8.3⇥ 10�9 eV. These results are
competitive with the most stringent astrophysical constraints in this mass range.

INTRODUCTION

The particle nature of dark matter (DM) in the Uni-
verse remains one of the greatest mysteries of contempo-
rary physics. Axions are an especially promising candi-
date as they can simultaneously explain both the parti-
cle nature of DM and resolve the strong-CP problem of
quantum chromodynamics (QCD) [1–6]. Axion-like par-
ticles (ALP) are generically expected to have a coupling
to electromagnetism of the form [7]

L � �1

4
ga��a eFµ⌫F

µ⌫ = ga��aE ·B, (1)

where ga�� is the axion-photon coupling. The QCD axion
is predicted to have a narrow range of couplings propor-
tional to the axion mass, while a general ALP may have
any ga�� . In this work, “axion” refers to a general ALP.
Axion DM (ADM) with mass ma ⌧ 1 eV behaves today
as a classical field oscillating at a frequency f = ma/(2⇡)
[3, 4]. The Lagrangian (1) implies that a time-dependent
background density of ADM modifies Maxwell’s equa-
tions. In particular, in the presence of a static magnetic
field B0, ADM generates an oscillating magnetic field,
Ba, as if sourced by an e↵ective AC current density par-
allel to B0 [8],

Je↵ = ga��
p

2⇢DMB0 cos(mat). (2)

Here ⇢DM is the local DM density, which
we take to be 0.4GeV/cm3 [9, 10]. The A
Broadband/Resonant Approach to Cosmic Axion
Detection with an Amplifying B-field Ring
Apparatus (ABRACADABRA) experiment, as first
proposed in [11], is designed to search for the axion-
induced field, Ba, generated by a toroidal magnetic field
(see also [12] for a proposal using a solenoidal field).
ABRACADABRA searches for an AC magnetic flux
through a superconducting pickup loop in the center of
a toroidal magnet, which should host no AC flux in the
absence of ADM. The time-averaged magnitude of the
flux through the pickup loop due to Ba can be written
as

|�a|2 = g2a��⇢DMV 2G2B2
max ⌘ A, (3)

where V is the volume of the toroid, G is a geometric fac-
tor calculated for our toroid to be 0.027 [13], and Bmax

is the maximum B-field in the toroid. The pickup loop
is read out using a SQUID current sensor, where an ax-
ion signal would appear as a small-amplitude, narrow
(�f/f ⇠ 10�6) peak in the power spectral density (PSD)
of the SQUID output at a frequency given by the axion
mass. The present design uses a simplified broadband
readout, but the same approach can be significantly en-
hanced using resonant amplification and recent develop-
ments in powerful quantum sensors [14, 15], which is the
subject of future work.
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Figure 1. A (gapped) toroidal geometry to generate a static
magnetic field B0. The dashed red circle shows the location
of the superconducting pickup loop of radius r  R. The gap
ensures a return path for the Meissner screening current; see
discussion in main text.

(KSVZ model [19, 20]). Thus, in the presence of a static
magnetic background B0, there is an axion-sourced ef-
fective current

Je↵ = ga��
p
2⇢DM cos(mat)B0. (5)

This e↵ective current then sources a real magnetic field,
oscillating at frequency ma, that is perpendicular to B0.

Our proposed design is shown schematically in Fig. 1.
The static magnetic field B0 is generated by a constant
current in a superconducting wire wrapping a toroid, and
the axion e↵ective current is detected with a supercon-
ducting pickup loop in the toroid hole. In the absence of
axion DM (or noise), there is no magnetic flux through
the pickup loop. With axion DM, there will be an os-
cillating magnetic flux through the pickup loop propor-
tional to

p
⇢DM. This design is inspired by cryogenic cur-

rent comparators (CCCs) [21], which are used for mea-
suring real currents. The key di↵erence here is the static
external field B0, which generates an e↵ective electric
current in the presence of axion DM instead of the real
current in the case of the CCC.

In a real implementation of both designs, the signal
flux is actually sourced by a Meissner current which re-
turns along the outside surface of a gapped toroid. The
size of the gap is not crucial for our analysis, but must
be su�ciently large that parasitic capacitance e↵ects do
not generate a displacement current, which might shunt
the Meissner return current and reduce the induced sig-
nal B-field. For wires of diameter 1 mm and a meter-
sized toroid, a gap of a few millimeters allows unscreened
currents up to the frequency at which the magnetoqua-
sistatic approximation breaks down and displacement
currents are unavoidable. In what follows, we will es-
timate our sensitivity using the axion e↵ective current
which is correct up to O(1) geometric factors.

We consider two distinct circuits for reading out the
signal, both based on a superconducting quantum in-

Figure 2. Anticipated reach in the ga�� vs. ma plane for
the broadband (Broad) and resonant (Res) strategies. The
benchmark parameters are T = 0.1 K, r = a = R = h/3
(see Fig. 1), and Lp = Lmin ⇡ ⇡R2/h. The total measure-
ment time for both strategies is t = 1 yr, where the resonant
experiment scans from 1 Hz to 100 MHz. The expected pa-
rameters for the QCD axion are shown in shaded red, with
the corresponding decay constant fa inset at bottom right.
The projected sensitivities of IAXO [41] and ADMX [14] are
shown shaded in light green. Published limits from ADMX
[13] are shown in gray.

terference device (SQUID). The broadband circuit uses
a untuned magnetometer in an ideally zero-resistance
setup, while the resonant circuit uses a tuned magne-
tometer with irreducible resistance. Both readout cir-
cuits can probe multiple orders of magnitude in the axion
DM parameter space, though the broadband approach
has increased sensitivity at low axion masses.
A related proposal, utilizing the axion e↵ective current,

was put forth recently by Ref. [22] (see also Ref. [23] for a
preliminary proposal and Ref. [24] for a similar design for
detecting dark photon DM). That design was based on
a solenoidal magnetic field, with the pickup loop located
inside of the solenoid, and focused on resonant readout
using an LC circuit. The design presented here o↵ers a
few advantages. First, the toroidal geometry significantly
reduces fringe fields compared to a solenoidal geometry.
Second, the pickup loop is located in an ideally zero-
field region, outside of the toroidal magnetic field B0,
which should help reduce flux noise. Third, as we will
show, broadband readout has significant advantages over
resonant readout at low axion masses. Our proposal is
complementary to the recently proposed CASPEr exper-
iment [25], which probes a similar range of axion masses
but measures the coupling to nuclear electric dipole mo-
ments rather than the coupling to QED. See Refs. [26–40]
for other proposals to detect axion DM.
For concreteness, our sensitivity studies are based on

Je↵
<latexit sha1_base64="mTJf0MjAK3tFIaNoO0jgPOaYLE8=">AAACB3icdVBLSgNBEO2Jvxh/UZduGoPgKszEIdFd0I24UjAqJEPo6dQkTbp7xu4eIQxzAS/gVm/gStx6DC/gOezRCCr6oODxXhVV9cKEM21c99UpzczOzS+UFytLyyura9X1jQsdp4pCh8Y8Vlch0cCZhI5hhsNVooCIkMNlOD4q/MsbUJrF8txMEggEGUoWMUqMlYKspwQ+6WcQRXner9bc+sF+s+E3sVt33ZbX8ArSaPl7PvasUqCGpjjtV996g5imAqShnGjd9dzEBBlRhlEOeaWXakgIHZMhdC2VRIAOso+jc7xjlQGOYmVLGvyhfp/IiNB6IkLbKYgZ6d9eIf7ldVMT7QcZk0lqQNLPRVHKsYlxkQAeMAXU8IklhCpmb8V0RBShxub0Y0sEEymSvGKD+foe/086jfpB3Tvza+3DaUJltIW20S7yUAu10TE6RR1E0TW6Q/fowbl1Hp0n5/mzteRMZzbRDzgv7x0DmrU=</latexit><latexit sha1_base64="mTJf0MjAK3tFIaNoO0jgPOaYLE8=">AAACB3icdVBLSgNBEO2Jvxh/UZduGoPgKszEIdFd0I24UjAqJEPo6dQkTbp7xu4eIQxzAS/gVm/gStx6DC/gOezRCCr6oODxXhVV9cKEM21c99UpzczOzS+UFytLyyura9X1jQsdp4pCh8Y8Vlch0cCZhI5hhsNVooCIkMNlOD4q/MsbUJrF8txMEggEGUoWMUqMlYKspwQ+6WcQRXner9bc+sF+s+E3sVt33ZbX8ArSaPl7PvasUqCGpjjtV996g5imAqShnGjd9dzEBBlRhlEOeaWXakgIHZMhdC2VRIAOso+jc7xjlQGOYmVLGvyhfp/IiNB6IkLbKYgZ6d9eIf7ldVMT7QcZk0lqQNLPRVHKsYlxkQAeMAXU8IklhCpmb8V0RBShxub0Y0sEEymSvGKD+foe/086jfpB3Tvza+3DaUJltIW20S7yUAu10TE6RR1E0TW6Q/fowbl1Hp0n5/mzteRMZzbRDzgv7x0DmrU=</latexit><latexit sha1_base64="mTJf0MjAK3tFIaNoO0jgPOaYLE8=">AAACB3icdVBLSgNBEO2Jvxh/UZduGoPgKszEIdFd0I24UjAqJEPo6dQkTbp7xu4eIQxzAS/gVm/gStx6DC/gOezRCCr6oODxXhVV9cKEM21c99UpzczOzS+UFytLyyura9X1jQsdp4pCh8Y8Vlch0cCZhI5hhsNVooCIkMNlOD4q/MsbUJrF8txMEggEGUoWMUqMlYKspwQ+6WcQRXner9bc+sF+s+E3sVt33ZbX8ArSaPl7PvasUqCGpjjtV996g5imAqShnGjd9dzEBBlRhlEOeaWXakgIHZMhdC2VRIAOso+jc7xjlQGOYmVLGvyhfp/IiNB6IkLbKYgZ6d9eIf7ldVMT7QcZk0lqQNLPRVHKsYlxkQAeMAXU8IklhCpmb8V0RBShxub0Y0sEEymSvGKD+foe/086jfpB3Tvza+3DaUJltIW20S7yUAu10TE6RR1E0TW6Q/fowbl1Hp0n5/mzteRMZzbRDzgv7x0DmrU=</latexit><latexit sha1_base64="mTJf0MjAK3tFIaNoO0jgPOaYLE8=">AAACB3icdVBLSgNBEO2Jvxh/UZduGoPgKszEIdFd0I24UjAqJEPo6dQkTbp7xu4eIQxzAS/gVm/gStx6DC/gOezRCCr6oODxXhVV9cKEM21c99UpzczOzS+UFytLyyura9X1jQsdp4pCh8Y8Vlch0cCZhI5hhsNVooCIkMNlOD4q/MsbUJrF8txMEggEGUoWMUqMlYKspwQ+6WcQRXner9bc+sF+s+E3sVt33ZbX8ArSaPl7PvasUqCGpjjtV996g5imAqShnGjd9dzEBBlRhlEOeaWXakgIHZMhdC2VRIAOso+jc7xjlQGOYmVLGvyhfp/IiNB6IkLbKYgZ6d9eIf7ldVMT7QcZk0lqQNLPRVHKsYlxkQAeMAXU8IklhCpmb8V0RBShxub0Y0sEEymSvGKD+foe/086jfpB3Tvza+3DaUJltIW20S7yUAu10TE6RR1E0TW6Q/fowbl1Hp0n5/mzteRMZzbRDzgv7x0DmrU=</latexit>

Ba
<latexit sha1_base64="D9bwz0mK2V24fCfax6vcyzDeeo4=">AAACBXicdVDLSgMxFM3UV62vqks3wSK4KpnWvnalblxWsFZoS8mkmTY0yQxJRijD7P0Bt/oHrsSt3+EP+B1m2gpW9MCFwzn3cu89XsiZNgh9OJm19Y3Nrex2bmd3b/8gf3h0q4NIEdohAQ/UnYc15UzSjmGG07tQUSw8Trve9DL1u/dUaRbIGzML6UDgsWQ+I9hYqRf3lYCtYYyTZJgvoCKqVhplBFGxgtxao2EJQtV6uQRdS1IUwBLtYf6zPwpIJKg0hGOtey4KzSDGyjDCaZLrR5qGmEzxmPYslVhQPYjnJyfwzCoj6AfKljRwrv6ciLHQeiY82ymwmejfXir+5fUi49cHMZNhZKgki0V+xKEJYPo/HDFFieEzSzBRzN4KyQQrTIxNaWWLT2dShEnOBvP9PfyfdErFRtG9vig0W8uEsuAEnIJz4IIaaIIr0AYdQEAAHsETeHYenBfn1XlbtGac5cwxWIHz/gV8l5nQ</latexit><latexit sha1_base64="D9bwz0mK2V24fCfax6vcyzDeeo4=">AAACBXicdVDLSgMxFM3UV62vqks3wSK4KpnWvnalblxWsFZoS8mkmTY0yQxJRijD7P0Bt/oHrsSt3+EP+B1m2gpW9MCFwzn3cu89XsiZNgh9OJm19Y3Nrex2bmd3b/8gf3h0q4NIEdohAQ/UnYc15UzSjmGG07tQUSw8Trve9DL1u/dUaRbIGzML6UDgsWQ+I9hYqRf3lYCtYYyTZJgvoCKqVhplBFGxgtxao2EJQtV6uQRdS1IUwBLtYf6zPwpIJKg0hGOtey4KzSDGyjDCaZLrR5qGmEzxmPYslVhQPYjnJyfwzCoj6AfKljRwrv6ciLHQeiY82ymwmejfXir+5fUi49cHMZNhZKgki0V+xKEJYPo/HDFFieEzSzBRzN4KyQQrTIxNaWWLT2dShEnOBvP9PfyfdErFRtG9vig0W8uEsuAEnIJz4IIaaIIr0AYdQEAAHsETeHYenBfn1XlbtGac5cwxWIHz/gV8l5nQ</latexit><latexit sha1_base64="D9bwz0mK2V24fCfax6vcyzDeeo4=">AAACBXicdVDLSgMxFM3UV62vqks3wSK4KpnWvnalblxWsFZoS8mkmTY0yQxJRijD7P0Bt/oHrsSt3+EP+B1m2gpW9MCFwzn3cu89XsiZNgh9OJm19Y3Nrex2bmd3b/8gf3h0q4NIEdohAQ/UnYc15UzSjmGG07tQUSw8Trve9DL1u/dUaRbIGzML6UDgsWQ+I9hYqRf3lYCtYYyTZJgvoCKqVhplBFGxgtxao2EJQtV6uQRdS1IUwBLtYf6zPwpIJKg0hGOtey4KzSDGyjDCaZLrR5qGmEzxmPYslVhQPYjnJyfwzCoj6AfKljRwrv6ciLHQeiY82ymwmejfXir+5fUi49cHMZNhZKgki0V+xKEJYPo/HDFFieEzSzBRzN4KyQQrTIxNaWWLT2dShEnOBvP9PfyfdErFRtG9vig0W8uEsuAEnIJz4IIaaIIr0AYdQEAAHsETeHYenBfn1XlbtGac5cwxWIHz/gV8l5nQ</latexit><latexit sha1_base64="D9bwz0mK2V24fCfax6vcyzDeeo4=">AAACBXicdVDLSgMxFM3UV62vqks3wSK4KpnWvnalblxWsFZoS8mkmTY0yQxJRijD7P0Bt/oHrsSt3+EP+B1m2gpW9MCFwzn3cu89XsiZNgh9OJm19Y3Nrex2bmd3b/8gf3h0q4NIEdohAQ/UnYc15UzSjmGG07tQUSw8Trve9DL1u/dUaRbIGzML6UDgsWQ+I9hYqRf3lYCtYYyTZJgvoCKqVhplBFGxgtxao2EJQtV6uQRdS1IUwBLtYf6zPwpIJKg0hGOtey4KzSDGyjDCaZLrR5qGmEzxmPYslVhQPYjnJyfwzCoj6AfKljRwrv6ciLHQeiY82ymwmejfXir+5fUi49cHMZNhZKgki0V+xKEJYPo/HDFFieEzSzBRzN4KyQQrTIxNaWWLT2dShEnOBvP9PfyfdErFRtG9vig0W8uEsuAEnIJz4IIaaIIr0AYdQEAAHsETeHYenBfn1XlbtGac5cwxWIHz/gV8l5nQ</latexit>

3

Lp
Li

L

M

LLp
Li

M

C
R

Δω

Figure 3. Schematics of our readout circuits. Left: broad-
band (untuned magnetometer). The pickup loop Lp is placed
in the toroid hole as in Fig. 1 and connected in series with
an input coil Li, which has mutual inductance M with the
SQUID of self-inductance L. Right: resonant (tuned mag-
netometer). Lp is now in series with both Li and a tun-
able capacitor C. A “black box” feedback circuit modulates
the bandwidth �! and has mutual inductance M with the
SQUID.

a toroid of rectangular cross section (height h, width a)
and inner radius R, as illustrated in Fig. 1. The magnetic
field inside the toroid volume is

B0(s) = Bmax
R

s
�̂, (6)

where s is the distance from the central axis of the toroid,
�̂ is the azimuthal direction, and Bmax is the magnitude
of B0 at the inner radius. The flux through the pickup
loop of radius r  R can be written as

�pickup(t) = ga�� Bmax

p
2⇢DM cos(mat)VB . (7)

The e↵ective volume containing the external B-field is

VB =

Z r

0
dr0

Z R+a

R
ds

Z 2⇡

0
d✓

Rhr0(s� r0 cos ✓)

r̃2
p
h2 + 4r̃2

, (8)

with r̃2 ⌘ s2 + r02 � 2sr0 cos ✓. We work in the magneto-
quasistatic limit, 2⇡/ma � r,R, h, a; at higher frequen-
cies, displacement currents can potentially screen our sig-
nal. As an illustration, we consider a meter-sized exper-
iment, where VB = 1 m3 for r = R = a = h/3 = 0.85
m, with sensitivity to ma

<
⇠ 10�6 eV. For an example of

the magnitude of the generated fields, the average B-field
sourced by a GUT-scale KSVZ axion (fa = 1016 GeV)
with VB = 100 m3 and Bmax = 5 T is 2.5⇥ 10�23 T. To
detect such a small B-field at this frequency, we need a
flux noise sensitivity of 1.2⇥ 10�19 Wb/

p
Hz for a mea-

surement time of 1 year in a broadband strategy (see
below). The anticipated reach for various VB and Bmax

is summarized in Fig. 2.
Broadband approach—In an untuned magnetometer, a

change in flux through the superconducting pickup loop
induces a supercurrent in the loop. As shown in Fig. 3
(left), the pickup loop (inductance Lp) is connected in
series with an input coil Li, which is inductively coupled
to the SQUID (inductance L) with mutual inductanceM .
The flux through the SQUID is proportional to the flux
through the pickup loop and is maximized when Li ⇡

Lp [42]:

�SQUID ⇡
↵

2

s
L

Lp
�pickup. (9)

Here ↵ is an O(1) number, with ↵2
⇡ 0.5 in typical

SQUID geometries [43].
Clearly, the flux through the SQUID will be maximized

for L as large as possible and Lp as small as possible. A
typical SQUID has inductance L = 1 nH. A supercon-
ducting pickup loop of wire radius � = 1 mm and loop
radius r = 0.85 m has geometric inductance of [44]

Lp = r(ln(8r/�)� 2) ⇡ 7 µH, (10)

but this may be reduced with smaller loops in parallel
as in a fractional-turn magnetometer [45, 46]. The mini-
mum inductance is limited by the magnetic field energy
1
2

R
B2 dV stored in the axion-sourced response field, and

is approximately

Lmin ⇡ ⇡R2/h. (11)

With a “tall” toroid where h = 3R, one can achieve
Lmin ⇡ 1 µH and �SQUID ⇡ 0.01�pickup for R = 0.85
m. Since the pickup loop area is much larger than the
magnetometer area, the B-field felt by the SQUID is sig-
nificantly enhanced compared to the axion-induced field
in the pickup loop. The B-field enhancement takes ad-
vantage of the fact that we are working in the near-field
limit, so that the induced B-field adds coherently over
the pickup loop.
To assess the sensitivity of the untuned magnetome-

ter to the axion-sourced oscillating flux in (7), we must
characterize the noise of the circuit. In a pure supercon-
ducting circuit at low frequencies, there is zero noise in
the pickup loop and input coil, and the only source of
noise is in the SQUID, with contributions from thermal
fluctuations of both voltage and current. Despite their
thermal origin, we will refer to these as “magnetome-
ter noise” to distinguish them from noise in the pickup
loop circuit (which dominates in the resonant case be-
low). At cryogenic temperatures (T <

⇠ 60 mK), thermal
current and voltage noise are subdominant to the cur-
rent shot noise SJ,0 in the SQUID tunnel junctions [43],
which sets an absolute (temperature-independent) floor
for the magnetometer noise. See the appendix for a more
detailed discussion of noise in a real implementation of
this design.
A typical, temperature-independent flux noise for com-

mercial SQUIDs at frequencies greater than ⇠10 Hz is

S1/2
�,0 ⇠ 10�6�0/

p

Hz, (12)

where �0 = h/(2e) = 2.1⇥10�15 Wb is the flux quantum.
We use this noise level and a fiducial temperature of 0.1
K as our benchmark. DC SQUIDS are also known to
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In this Letter, we present first results from
ABRACADABRA-10 cm, probing the axion-photon
coupling ga�� for ADM in the frequency range
f 2 [75 kHz, 2MHz], corresponding to axion masses
ma 2 [3.1 ⇥ 10�10, 8.3 ⇥ 10�9] eV. This mass range is
highly motivated for QCD axions, where the axion decay
constant lies near the GUT scale and is easily compati-
ble with pre-inflationary Peccei-Quinn (PQ) breaking in
a variety of models, including grand unified theories [16]
or string compactifications [17, 18], and such low-mass
axions may be favored anthropically [19]. Additionally,
such light ALPs may explain the previously-observed
transparency anomaly of the Universe to TeV gamma-
rays [20–23], though in this case the ALP is not required
to be DM. Recently, this mass range has gathered sig-
nificant experimental interest [11, 12, 24–28] to name a
few, or see [29] for a comprehensive review. Furthermore,
this mass range is highly complementary to that probed
by the ADMX experiment [30–32], HAYSTAC [33], and
other microwave cavity experiments [34–36], which probe
ma ⇠ 10�6�10�5 eV. Our result represents the most sen-
sitive laboratory search for ADM below 1µeV, is compet-
itive with leading astrophysical constraints from CAST
[37], and probes a region where low-mass ALPs which
can accommodate all the DM of the universe without
overclosure [38–42], as well as particular models of QCD
axions with enhanced photon couplings [43, 44]. Aside
from the ALP models currently being probed, this result
is a crucial first step towards a larger-scale version of
ABRACADABRA sensitive to the smaller values of ga��
relevant for the typical QCD axion models in the mass
range where axions can probe GUT-scale physics.

MAGNET AND CRYOGENIC SETUP

ABRACADABRA-10 cm consists of a superconducting
persistent toroidal magnet produced by Superconducting
Systems Inc. [45] with a minimum inner radius of 3 cm, a
maximum outer radius of 6 cm, and a maximum height of
12 cm. The toroidal magnet is counter-wound to cancel
azimuthal currents; see [13] for details. We operate the
magnet in a persistent field mode with a current of 121A,
producing a maximum field of 1T at the inner radius. We
confirmed this field with a Hall sensor to a precision of
⇠ 1%. Due to the toroidal geometry of the magnet, the
field in the center should be close to zero (in the absence
of an axion signal).

To reduce AC magnetic field noise, we use both mag-
netic shielding and vibrational isolation. The toroid is
mounted in a G10 support inside a tin-coated copper shell
which acts as a magnetic shield below 3.7K, when the tin
coating becomes superconducting. The toroid/shield as-
sembly is thermalized to the coldest stage of an Oxford
Instruments Triton 400 dilution refrigerator and cooled
to an operating temperature of ⇠ 1.2K. The weight of

FIG. 1. Left: Rendering of the ABRACADABRA-10 cm
setup. The primary magnetic field is driven by 1,280 super-
conducting windings around a POM support frame (green).
The axion-induced field is measured by a superconducting
pickup loop mounted on a PTFE support (white). A second
superconducting loop runs through the volume of the magnet
to produce a calibration signal. All of this is mounted inside a
superconducting shield. Right: Picture of the exposed toroid
during assembly.

the shield and magnet is supported by a Kevlar string
which runs ⇠2m to a spring attached to the top of the
cryostat. This reduces the mechanical coupling and vi-
bration between the detector and cryostat.
We measure AC magnetic flux in the center of the

toroid with a solid NbTi superconducting pickup loop of
radius 2.0 cm and wire diameter 1mm. The induced cur-
rent on this pickup loop is carried away from the magnet
through ⇠ 50 cm of 75µm solid NbTi twisted pair read-
out wire up to a Magnicon two-stage SQUID current sen-
sor. The 75µm wire is shielded by superconducting lead
produced according to [46]. The majority of the 1mm
wire is inside the superconducting shielding of the mag-
net, but about 15 cm is only shielded by stainless steel
mesh sleeve outside the shield.
The two-stage Magnicon SQUID current sensor is op-

timized for operation at < 1K; we operate it at 870mK.
The input inductance of the SQUID is Lin ⇡ 150 nH and
the inductance of the pickup loop is Lp ⇡ 100 nH. The
SQUID is operated with a flux-lock feedback loop (FLL)
to linearize the output, which limits the signal band-
width to ⇡ 6MHz. We read out the signal with an
AlazarTech ATS9870 8-bit digitizer, covering a voltage
range of ±40mV. The digitizer is clocked to a Stanford
Research Systems FS725 Rb frequency standard. In or-
der to fit the signal into the range of our digitizer, we
filter the signal through a 10 kHz high-pass filter and a
1.9MHz anti-aliasing filter before sending it to the digi-
tizer.
To calibrate the detector, we run a superconducting

wire through the volume of the toroid at a radius of
4.5 cm into which we can inject an AC current to gen-
erate a field in the pickup loop, similar to what we ex-

6cm

10cm

C. SalemiC. Salemi
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4 111. Axions and other similar particles
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Figure 111.1: Exclusion plot for axion-like particles as described in the text.

structure, for example when two NG bosons are attached to one fermion line as in axion
emission by nucleon bremsstrahlung [21].

In the DFSZ model [18], the tree-level coupling coefficient to electrons is [22]

Ce =
sin2 β

3
, (111.8)

where tan β = vu/vd is the ratio of the vacuum expectation value vu of the Higgs field Hu
giving masses to the up-type quarks and the vacuum expectation value vd of the Higgs
field Hd giving masses to the down-type quarks.

For nucleons, Cn,p have recently been determined as [11]

Cp = −0.47(3) + 0.88(3)Cu − 0.39(2)Cad − 0.038(5)Cs

− 0.012(5)Cc − 0.009(2)Cb − 0.0035(4)Ct ,

Cn = −0.02(3) + 0.88(3)Cd − 0.39(2)Cu − 0.038(5)Cs

− 0.012(5)Cc − 0.009(2)Cb − 0.0035(4)Ct ,

(111.9)

in terms of the corresponding model-dependent quark couplings Cq, q = u, d, s, c, b, t.

June 5, 2018 20:09
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Figure 1 | Sketch of the CAST helioscope at CERN to search for solar axions. These hypothetical low-mass bosons are produced in the Sun by Primako�
scattering on charged particles and converted back to X-rays by the same process in the B-field of an LHC test magnet. The two straight conversion pipes
have a cross-section of 14.5 cm2 each. The magnet can move by ±8� vertically and ±40� horizontally, enough to follow the Sun for about 1.5 h at dawn and
dusk with each end of the magnet, where separate detection systems can search for axions at sunrise and sunset, respectively. The sunrise system is
equipped with an X-ray telescope (XRT) to focus the signal on a small detector area, strongly increasing signal to noise. Our new results were achieved
thanks to an XRT specifically built for CAST and improved low-noise X-ray detectors.
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Figure 2 | CAST excluded region (95% CL) in thema–ga� –plane. Solid
black line: Envelope of all CAST results from 2003–2011 data11–16. Solid red
line: Exclusion from the data here presented. Diagonal yellow band: Typical
QCD axion models (upper and lower bounds set according to a prescription
given in ref. 49). Diagonal green line: The benchmark KSVZ axion model
with E/N=0, where ga� =(E/N� 1.92)↵/(2⇡fa), with fa the axion
decay constant.

a movable platform (±8� vertical and ±40� horizontal movement),
allowing it to follow the Sun for about 1.5 h both at sunrise and
sunset during the whole year. The pointing accuracy of the system is
monitored to be well below 10% of the solar radius, both by periodic
geometric surveys, as well as, twice per year, by filming the Sun
with an optical telescope and camera attached to the magnet, and
whose optical axis has been set parallel to it. The e�ect of refraction
in the atmosphere, relevant for photons, but not for axions, is
properly taken into account. At both ends of the magnet, di�erent
X-ray detectors have been searching for photons coming from axion
conversion inside the magnet when it is pointing to the Sun. During
non-tracking time, calibrations are performed and detectors record
background data.

The data presented here were taken with three detection systems.
On the sunset (SS) side of the magnet, two gas-based low-
background detectors (SS1 and SS2) read by Micromegas planes30,

were directly connected to each of the magnet pipes. On the sunrise
(SR) side of the magnet, an improved Micromegas detector was
situated at the focal plane of the new XRT. The detectors were small
gaseous time projection chambers of 3 cm drift and were filled with
a 1.4 bar argon–2% isobutane mixture. Their cathodes were 4-µm-
thickmylar windows that face themagnet pipe vacuum and hold the
pressure di�erence while being transparent to X-rays. The detector
parts were built with carefully selected low-radioactivity materials,
and surrounded by passive (copper and lead) and active (5-cm-
thick plastic scintillators) shielding. The Micromegas readouts were
built with the microbulk technique31, out of copper and kapton,
and were patterned with 500 µm pixels interconnected in the x and
y directions32. These design choices are the outcome of a long-
standing e�ort to understand and reduce background sources in
these detectors33,34. This e�ort has led to the best background levels
(⇠10�6 keV�1 cm�2 s�1) ever obtained in CAST.

The XRT installed in the SR system was a telescope (of focal
length 1.5m) that follows a cone-approximation Wolter I design.
It is comprised of thermally formed glass substrates deposited with
Pt/C multilayers to enhance X-ray reflectivity in the 0.5–10 keV
band. The techniques and infrastructure used in fabricating the
CAST XRT were originally developed35 to make the two hard
X-ray telescopes that are flying on NASA’s NuSTAR satellite36.
The optical prescription and multilayer coatings were optimized
when considering factors including: the physical constraints of the
CAST experiment; the predicted axion spectrum; and the quantum
e�ciency of the Micromegas detector37. The point spread function
(PSF) and e�ective area (that is, throughput) of the XRT were
calibrated at the PANTER X-ray test facility at MPE in Munich
in July 2016. These calibration data were incorporated into Monte
Carlo geometric ray-trace simulations to determine the expected
two-dimensional (2D) distribution of solar axion-induced photons,
which is shown in Fig. 3. Although there is a slight energy
dependence on the PSF (the XRT focuses better at higher X-ray
energy), more than 50% of the flux is always concentrated in an
area of a few mm2, e�ectively reducing the background to levels
down to ⇠0.003 counts h�1. In addition, the combined XRT and
detector system was regularly calibrated in CAST using an X-ray
source placed ⇠12m away from the optics (at the SS side of the
magnet). One such calibration is shown in Fig. 3, together with
the expected 2D distribution from the ray-trace simulation. These
contours are di�erent from the ones expected from axion-induced
photons (shown in Fig. 3) due to the di�erent angular size and
distance of the source. The agreement between data and simulations
confirms our good understanding of the optics performance. This
is the first time an XRT has been designed and built specifically for
axion physics and operated together with a Micromegas detector at
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signal-to-background and sensitivity of the experiment. Additionally, in the event of a posi-
tive signal and actual detection, such an optic would become a real “axion-imaging” telescope.
The CAST CCD is coupled to one such device [82], a Wolter telescope borrowed from the
field of x-ray astronomy, that enhances its signal-to-background ratio by two orders of mag-
nitude. Second, CAST has actively and continually applied state-of-the-art low background
techniques to all its detector subsystems, in order to minimize the experimental background
and further increase the sensitivity. These include the use of low radioactivity materials for
the detector components and surroundings, the simulation and modeling of backgrounds,
the use of shielding against external radiation, and the development of sophisticated offline
analysis criteria to discriminate signal events and reject background.

The experiment released its initial results (phase I) from data taken in 2003 and 2004
without buffer gas [78, 79]. No signal above background was observed. For hadronic axions
this implies an upper limit to the axion-photon coupling gaγ < 8.8 × 10−11 GeV−1 at 95%
CL for the low mass (coherence) region ma <∼ 0.02 eV (figure 2). In 2006, the experiment
embarked on phase II operations, which requires a buffer gas inside the magnet bores to
recover the coherence of the conversion for specific axion masses matching the effective photon
mass defined by the buffer gas density. The pressure of the gas is changed in discrete small
steps to scan the parameter space above ma ∼ 0.02 eV. The data acquired in 2006 [80], with
4He as the buffer gas, scanned for axion masses up to 0.39 eV at a level for axion-photon
couplings down to ∼ 2.2×10−10 GeV−1, entering into the QCD axion model band, as shown
in figure 2. To gain access to higher masses, in 2007 the buffer gas was switched to 3He
to avoid gas condensation at the required pressure. The experiment is currently engaged in
a systematic scan of axion masses above 0.4 eV. The 3He data taking began in 2008, and
upon completion of this research program in the middle of 2011, CAST will have explored
an axion mass up to ∼ 1.2 eV, overlapping with the cosmological upper limit on the axion
mass discussed above.

In summary, CAST has provided the best experimental limit on gaγ for a wide range of
axion masses, up to ∼ 0.02 eV, a result that now supersedes the astrophysical limit derived
from energy-loss arguments on globular cluster stars. In its second phase, CAST has been
configured to be sensitive to hadronic axion models, in the mass region just below 1 eV.
During its last years of operation, CAST has not only built the largest and most sensitive
axion helioscope, but has also improved on the original concept of an axion helioscope and
developed the expertise that will be crucial for a marked gain in sensitivity, as envisioned
with a NGAH.

3.1 Figures of merit

In this subsection we work out the dependence of the sensitivity to the axion couplings gaγ
and gae on each of the experimental parameters of a NGAH in order to discuss the basis
for our proposed improvements. For this purpose, we define the basic layout of an enhanced
axion helioscope as one in which the entire cross sectional area of the magnet is equipped with
one or more x-ray focussing optics and low background x-ray detectors. This arrangement
is schematically shown in figure 3, in which we anticipate already a toroidal design for the
magnet as discussed later in section 4. The axion signal counts Nγ and background counts
Nb in such a layout can be written as:

Nγ ∝ N∗ × g4 ≡ B2 L2 A ϵ t× g4 (3.2)
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Figure 1. Solar axion flux spectrum at Earth, originating from the Primakoff process (dashed line)
and from processes involving electrons (solid line), bremsstrahlung and Compton processes. We have
chosen illustrative values of gae = 10−13 and gaγ = 10−12 GeV−1, corresponding to DFSZ axions with
fa = 0.85× 109 GeV, Ce = 1/6 and Cγ = 0.75. For better comparison, the Primakoff flux has been
scaled up by a factor of 100.

aγγ vertex. The usual solar Primakoff spectrum peaks near the mean energy of 4.2 keV and
exponentially decreases at larger energies as shown in figure 1.

For non-hadronic axions, defined as having tree-level interactions with electrons, the
dominant emission processes are electron-nucleus bremsstrahlung e + Ze → Ze + e + a,
electron-electron bremsstrahlung e+ e → e+ e+ a, and the Compton process γ + e → e+ a.
In addition, free-bound transitions play a sub-dominant role. The relative importance for
solar energy loss of the first three reactions is roughly 2:1:1, respectively [45]. The resulting
spectrum is softer than the Primakoff one, with a mean energy of 1.8 keV and peaking below
1 keV [46] as shown in figure 1. The integrated solar axion flux from the electron coupling is
much larger than from photon coupling

Φae

Φaγ
∼ 900

!
Ce

Cγ

"2

. (2.4)

However, previous solar axion searches have relied primarily on the Primakoff process in order
to cover the broader class of ALPs. For non-hadronic axions, astrophysical limits on the gae
from globular cluster stars and white dwarfs are so restrictive that detecting them from the
Sun seemed hopeless. On the other hand, the CAST limit on gaγ for low-mass ALPs actually
supersedes astrophysical limits from globular cluster stars. In the proposed new helioscope,
for the first time it becomes conceivable to supersede even astrophysical limits on gae and to
probe new axion territory for the broadest class of models.

By means of the axion-photon coupling, solar axions can be efficiently converted back
into photons in the presence of an electromagnetic field. The energy of the reconverted
photon is equal to the incoming axion, so a flux of detectable x-rays of few keV energies
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Figure 3. Possible conceptual arrangement of the NGAH. On the left we show the cross section of
the NGAH toroidal magnet, in this example with six coils and bores. On the right the longitudinal
section with the magnet, the optics attached to each magnet bore and the x-ray detectors.

Nb = b a ϵt t (3.3)

where B, L and A are the magnet field, length and cross sectional area, respectively. The
efficiency ϵ = ϵd ϵo ϵt, being ϵd the detectors’ efficiency, ϵo the optics throughput or focusing
efficiency (it is assumed that the optics covers the entire area A), and ϵt the data-taking
efficiency, i. e. the fraction of time the magnet tracks the Sun (a parameter that depends
on the extent of the platform movements). Finally, b is the normalized (in area and time)
background of the detector, a the total focusing spot area and t the duration of the data
taking campaign. The relevant coupling constant g, is gaγ for hadronic axions and (gaγgae)1/2

for non-hadronic axions.
Assuming that the measurement is dominated by backgrounds (Nb > Nγ) but these can

be estimated and subtracted through independent measurements (either by non Sun-tracking
runs or by using portion of detectors not exposed to the signal.1), the discovery potential
of the experiment depends upon Nγ/

√
Nb The sensitivity on the relevant coupling g will be

given by g ∼ (N∗/
√
Nb)−1/4. It is useful to rewrite the previous expression in terms of a

figure of merit (FOM) representing a growing relation with the “merit” of the experiment

f ≡
N∗

√
Nb

= fM fDO fT (3.4)

where we have factored the FOM to explicitly show the contributions from various experi-
mental parameters: magnet, detectors and optics, and tracking (effective exposure time of
the experiment)

fM = B2 L2 A fDO =
ϵd ϵo√
b a

fT =
√
ϵt t . (3.5)

We stress that these expressions are obtained under two assumptions: 1) the axion-
photon conversion is fully coherent, corresponding to the L2 dependence shown in equa-
tion 3.5. 2) The exposure of the experiment is such that we are in a gaussian regime, i. e. we

1Assuming the detector is larger than the focus spot of the x-ray optic, the perimeter of the detector could
be used for background determination.
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L : 有感領域の長さ 
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Slides@ European Strategy Granada

CAST@CERN Baby-IAXO@DESY? IAXO

CAST Baby-IAXO IAXO
期間 -2015 2023 - 202X (予定) -2030　(予定)
長さ L 9m 20m 20m
断面積 A 15cm^2 2800cm^2 2800cm^2
磁場 B 9T 5T 5T

テレスコープ - 開発中 左に同じ
X線検出器 Micromegas 左に同じ (option有り) 左に同じ
感度 |gaγ | < 7 × 10−11[GeV−1] |gaγ | < 2 × 10−11[GeV−1] |gaγ | < 4 × 10−12[GeV−1]

https://indico.cern.ch/event/808335/contributions/3374006/attachments/1843784/3024173/ESPP_Granada_Irastorza_helioscopes.pdf
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Figure 111.1: Exclusion plot for axion-like particles as described in the text.

structure, for example when two NG bosons are attached to one fermion line as in axion
emission by nucleon bremsstrahlung [21].

In the DFSZ model [18], the tree-level coupling coefficient to electrons is [22]

Ce =
sin2 β

3
, (111.8)

where tan β = vu/vd is the ratio of the vacuum expectation value vu of the Higgs field Hu
giving masses to the up-type quarks and the vacuum expectation value vd of the Higgs
field Hd giving masses to the down-type quarks.

For nucleons, Cn,p have recently been determined as [11]

Cp = −0.47(3) + 0.88(3)Cu − 0.39(2)Cad − 0.038(5)Cs

− 0.012(5)Cc − 0.009(2)Cb − 0.0035(4)Ct ,

Cn = −0.02(3) + 0.88(3)Cd − 0.39(2)Cu − 0.038(5)Cs

− 0.012(5)Cc − 0.009(2)Cb − 0.0035(4)Ct ,

(111.9)

in terms of the corresponding model-dependent quark couplings Cq, q = u, d, s, c, b, t.
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hep-exのヒット件数/年

紹介した実験はほんの一部

ADMX@UW 
- DM QCD axionの探索に唯一成功 
- <40μeV領域の独走を狙う 
- >40μeV領域の技術開発中

CAST/IAXO@CERN/DESY? 
- solar axionの市場独占中 
- baby-IAXO/IAXOで 
堅実に探索範囲を拡大予定

ABRACADABRA@MIT 
- sub-μeV axion 急先鋒 
- 今年にCAST Limit 超えを狙う
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Finally, we analyse the composite state of the qubit and the 
reflected pulse mode to verify the entanglement. After the reflec-
tion of the pulse, the qubit is measured in three orthogonal bases 
X,Y and Z, and the reflected pulse mode is measured in the quadra-
ture αθ with various phases. We characterize the density matrix ρ 
of the composite quantum system by using the iterative maximum-
likelihood reconstruction with the composite measurement opera-
tors, correcting for the inefficiency in the quadrature measurement 
of the pulse mode (Fig. 4). The correlation in the diagonal elements 
enables the QND detection of an itinerant photon. Moreover, the 
off-diagonal elements indicate the presence of entanglement. We 
calculate the negativity ρN( ) of the composite system from the 
density matrix and obtain ρ = . ± . >N( ) 0 296 0 005 0, quantifying the 
entanglement28. Note that for the given value of the average pho-
ton number α∣ ∣in

2, the maximum possible value of the negativity 
in the composite system is 0.346. The fidelity of the experimentally 
obtained density matrix to the one with the ideal controls and mea-
surements is found to be 0.957 ±  0.003.

Here, we focused on a superposition of the vacuum and sin-
gle-photon states in a pulse mode. However, the QND detection 
scheme can be readily applied to many-photon states, where the 
qubit detects the even/odd parity of the photon number in the pulse 
mode. This can be applied to Wigner tomography of multi-photon 
states as well as heralded generation of a Schrödinger cat state in 
an itinerant mode. Moreover, by cascading the QND detectors with 
different conditional phases, we can realize a number-resolved pho-
ton counter for a microwave pulse mode.

Note added in proof: After the submission of this work, we 
became aware of a related manuscript29 taking a different approach 
for the same purpose.

Methods
Methods, including statements of data availability and any asso-
ciated accession codes and references, are available at https://doi.
org/10.1038/s41567-018-0066-3.

Received: 23 November 2017; Accepted: 30 January 2018;  
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Fig. 2 | QND detection of an itinerant microwave photon. a, Quantum 
circuit diagram of the protocol. The qubit is first read out for the 
initialization with post-selection. Then, a Ramsey sequence, consisting 
of Y/2 and − Y/2 rotations and a Z-basis readout, is applied to detect 
the phase flip of the qubit induced by a single photon. For the quantum 
state tomography of the pulse mode, the quadrature αθ of the reflected 
pulse mode is measured with various phases θ. b, Corresponding pulse 
sequences at the qubit, cavity and JPA pump frequencies, ωq, ωc and ωp, 
respectively. We use a Gaussian pulse with the full-width at half-maximum 
of 500!ns as an input pulse mode. c, Phase-flip probability of the qubit as  
a function of the average photon number ∣ ∣αin

2 in the input pulse.  
The blue dots represent the experimental data, while the blue solid line  
is the numerical calculation using independently obtained parameters  
(see Supplementary Section 7). The red dashed line is the linear fit in 
the weak power limit. The error bars on the data points are the standard 
deviations from the mean.
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Fig. 3 | Quantum state tomography of the reflected pulse mode. a, Wigner 
function with the qubit being in the ground state ∣ ⟩g . b, The same with the 
qubit being in the excited state ∣ ⟩e . c,d, Unconditional Wigner function and 
photon-number distribution after the interaction with the qubit prepared 
in the state ∣ ⟩+ . The blue bars in d show the distribution in the reflected 
pulse, while the thin black frames depict that in the input pulse. e,f, The 
same conditioned on the absence of the qubit phase flip. g,h, The same 
conditioned on the detection of the qubit phase flip.
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limit with the single-photon occupancy p1, which well approxi-
mates a superposition of the vacuum and single-photon states, 

∣ ⟩ + ∣ ⟩p p0 10 1 . (ii) The qubit state is rotated by π /2 about the 
y axis and the composite system becomes ∣ + ⟩ ∣ ⟩ + ∣ ⟩p p( 0 1 )0 1 .  
(iii) The pulse mode is reflected by the cavity, and the state after the 
controlled-Z gate becomes entangled, ∣ + ⟩ ∣ ⟩ + ∣−⟩ ∣ ⟩p p0 10 1 .  
(iv) Finally, the qubit is rotated by −  π /2 about the y axis to obtain 

∣ ⟩ ∣ ⟩ + ∣ ⟩ ∣ ⟩p pg 0 e 10 1  and is then measured in the Z basis. The 
presence of a single photon in the pulse mode is correlated with the 
excited state of the qubit and is detectable.

The phase-flip probability of the qubit as a function of the aver-
age photon number α∣ ∣in

2 in the input pulse is shown in Fig. 2c. The 
slight deviation from the linear relationship is due to the two-pho-
ton occupation in the pulse mode. By fitting the slope in the weak 
power limit, we evaluate the quantum efficiency of the detection 
scheme to be 0.84 ±  0.02. The reduction of the efficiency from unity 
is attributed to a few mechanisms. First, the external coupling rate 
is not perfectly adjusted to twice the dispersive shift (κex/2χ =  1.1), 
which causes an incomplete phase flip of the qubit. Second, an input 
photon is probabilistically absorbed in the cavity due to the finite 
internal loss rate κin/κex =  0.07, which also gives rise to the incom-
plete phase flip. Finally, the qubit dephasing during the gate interval 
results in an erroneous phase flip of the qubit. The qubit dephas-
ing also contributes dominantly to the dark-count probability of 
0.0147 ±  0.0005.

To verify the QND property of the photon detector, we anal-
yse the reflected pulse mode by using Wigner tomography via the 
quadrature measurements. We measure the quadrature αθ of the 
reflected pulse mode, which is amplified by the phase-sensitive 
amplifier (JPA) with the various pump phases θ to obtain the nec-
essary information. Then, we characterize the quantum state with 
the iterative maximum-likelihood tomography27, correcting for 
the measurement inefficiency of the quadratures 1 −   ηmeas, where 
ηmeas =  0.43 ±  0.01.

As the input signal, we use a coherent pulse with the average 
photon number of α∣ ∣ = . ± .0 165 0 003in

2 . First, in Fig. 3a,b, we plot 
the Wigner functions of the reflected pulse mode when the qubit 
is prepared in the ground state ∣ ⟩g  and in the excited state ∣ ⟩e , 
respectively. The outcomes are the coherent states with π -phase dif-
ference depending on the qubit states. Next, in Fig. 3c,d, we show 
the Wigner function and the photon-number distribution when 
the qubit is prepared in the superposition state ∣ + ⟩ . Without being 
conditioned on the outcome of the qubit readout, the obtained state 
is an incoherent mixture of the states in Fig. 3a,b. Importantly, the 
interaction for the photon detection retains the photon-number dis-
tribution with the survival probability of 0.87 ±  0.03, which is calcu-
lated from the ratio of the average photon number of the reflected 
pulse mode to that of the input.

Figure 3e–h shows the conditioned results. In the case with-
out a qubit phase flip (Fig. 3e,f), the reflected pulse mode is in the 
vacuum state with the fidelity of 0.9844 ±  0.0002 (theory: 0.9894). 
The weak squeezing seen in the Wigner function is due to the finite 
probability of two-photon occupation (~0.007) in the pulse mode 
and the coherence between the vacuum and the two-photon state. 
On the other hand, for the case with a qubit phase flip (Fig. 3g,h), 
the reflected pulse mode is in the single-photon state with the fidel-
ity of 0.84 ±  0.02 (theory: 0.82). The infidelity is mainly due to the 
internal loss of the cavity and dark counts. The small anisotropy in 
the observed Wigner function is attributed to the incomplete phase 
flip of the qubit, which does not erase the coherence completely. 
Those results prove that the outcome of the qubit readout is strongly 
correlated to the photon-number state of the reflected pulse mode 
and demonstrate a QND single-photon detection. The system also 
works as a heralded single-photon generator. Since the QND detec-
tion maintains the pulse mode as long as the pulse bandwidth is 
within the cavity bandwidth, we can control the temporal mode 
shape of the heralded single photon by tuning the envelope of the 
input coherent pulse.
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Fig. 1 | Circuit quantum electrodynamics set-up for the QND detection of an itinerant microwave photon. a, Schematic of the experimental set-up.  
A transmon qubit is mounted in a 3D superconducting cavity that is over-coupled to a 1D transmission line composed of a coaxial cable. An input 
pulse mode is injected to the cavity through the cable, and the reflected pulse mode is guided via circulators to a JPA and a heterodyne detector. Qubit 
control and readout pulses (not shown) follow the same path. b, Reflectance (squared amplitude) and phase shift of the cavity reflection coefficient as a 
function of the probe frequency, with the qubit being in the ground state (blue) or the excited state (red). The black dots in the lowest panel represent the 
difference in the phase shift. The dots are the experimental results and the lines are the theoretical fits. c, Phase flip (no flip) of the reflected single photon 
caused by the qubit in the excited state (ground state). d, Phase flip (no flip) of the qubit caused by the reflection of the single photon (zero photon). Here, 
∣ ⟩g  and ∣ ⟩e  label the ground and exited states of the qubit, and ∣ ⟩±  is their superposition ∣ ⟩ ∣ ⟩±( g e )1

2
. ∣ ⟩0  and ∣ ⟩1  indicate the photon-number states in 

the pulse mode.
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FIG. 2. Flux spectrum averaged over the the data used in this analysis. (a) The spectrum over the frequency range
11 kHz < f < 3MHz, corrected for the pre-digitizer filters (blue). For comparison, we also show the digitizer noise floor,
corrected for pre-digitizer filters (gray) and the characteristic SQUID flux floor (green dashed). The axion search range is
between the dotted black lines. (b) A zoomed view of the 10MS/s spectrum (blue) with �f = 100mHz and and an example
axion signal at the 95% upper limit (red dashed). (c) A zoomed view of the 1MS/s spectrum with �f = 10mHz. Note that
the digitizer data was collected at a di↵erent time from the SQUID data, and shows a few transient peaks that are not present
in the SQUID data.

We performed our analysis on the F̄10M and F̄1M spec-
tra over frequency ranges 500 kHz to 2MHz and 75 kHz to
500 kHz, respectively. We chose the frequency at which
we transition from one set of spectra to the other so that
the axion signal window is su�ciently resolved every-
where, though we have seen that the exact choice has
little e↵ect on the final result. We rebin the F̄10M (F̄1M)
spectra in time into 53 (24) spectra that cover 32,000 s
(64,000 s) each. This was done to speed up processing
time, though it is not necessary for our analysis approach.

We test for an axion signal at mass ma and coupling
strength A by constructing a joint likelihood of Erlang
distributions over the 53 (24) F̄10M (F̄1M) given the ob-
served PSD data [13, 48]. For each axion mass, we as-
sign a unique background nuisance parameter to each of
the rebinned F̄10M (F̄1M) spectra and profile over the
joint likelihood to construct the profile likelihood for A
at that mass. This accounts for the possibility that the
background level might change on timescales of hours to
days.

To detect an axion signal, we place a 5� threshold on
a discovery test-statistic (TS). To evaluate this we first
calculate the profile likelihood ratio �(ma, A), at fixed
ma, as the ratio of the background-profiled likelihood
function as a function of A to the likelihood function
evaluated at the best-fit value Â. From here, we define
TS(ma) = �2 log �(ma, 0) for Â > 0 and zero otherwise.
This quantifies the level at which we can reject the null
hypothesis of A = 0. The 5� condition for discovery at a
given ma is TS(ma) > TSthresh, where [48]

TSthresh =


��1

✓
1 � 2.87 ⇥ 10�7

Nma

◆�2
(5)

accounts for the local significance as well as the look-
elsewhere e↵ect (LEE) for the Nma independent masses
in the analysis (here � is the cumulative distribution
function for the normal distribution with zero mean and
unit variance). For this analysis, Nma ⇡ 8.1 ⇥ 106 be-
tween 75 kHz and 2MHz, and TSthresh = 56.1.

Where we have no detection, we set a 95% C.L. limit,
A95%, again with the profile likelihood ratio. To do so, we
use the statistic t(ma, A) = �2 log �(ma, A), with A > Â,
by t(ma, A95%) = 2.71. We implement one-sided power-
constrained limits [50], which in practice means that we
do not allow ourselves to set a limit stronger than the 1�
lower level of the expected sensitivity band. We compute
the expected sensitivity bands using the null-hypothesis
model and following the procedure outlined in [48].

We had to exclude a few specific mass points from
our discovery analysis due to narrow background lines
that were also observed when the magnet was o↵. To
veto these mass points as potential discoveries, we ana-
lyze data collected while the magnet was o↵ (where no
axion signal is expected) using the same analysis frame-
work. If in this analysis we find a mass point with LEE-
corrected significance greater than 5�, we exclude that
mass point from our axion discovery analysis. In total,
this procedure ensures a signal e�ciency of & 99.8%.
Our axion search yielded 83(0) excesses with significance
� 5� in the frequency range 500 kHz to 2MHz (75 kHz to
500 kHz), however all of these points are vetoed by the
magnet-o↵ data. We do not exclude these points from
our upper-limit analysis, though the observed limits at
these isolated points are weaker (they do not appear in
Fig. 3 because of down-sampling for clarity).

We verified our analysis framework by injecting a sim-
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F10M
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F1M
<latexit sha1_base64="2XWWeEbxqZukNAIeoPl7qFTqySs="></latexit>

物理的振動と同期
部屋に入ると発生,  
2-3日で減少(原因不明) 
 →30%のデータロス

C. Salemi

Accelerometer 
loses sensitivity 
above a few kHz

加速度計の測定値 
との相関係数

C. Salemi   17
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3 An enhanced axion helioscope

The probability that an axion going through the transverse magnetic field B over a length
L will convert to a photon is given by [10, 78, 79]:

Paγ = 2.6 × 10−17

!
B

10 T

"2! L

10 m

"2 #
gaγ × 1010 GeV

$2F

where the form factor F accounts for the coherence of the process:

F =
2(1− cos qL)

(qL)2
(3.1)

and q is the momentum transfer. The fact that the axion is not massless, puts the axion
and photon waves out of phase after a certain length. The coherence is preserved (F ≃ 1)
as long as qL ≪ 1, which for solar axion energies and a magnet length of 10 m (like the one
of CAST) happens at axion masses up to ∼ 10−2 eV, while for higher masses F begins to
decrease, and so does the sensitivity of the experiment. To mitigate the loss of coherence,
a buffer gas can be introduced into the magnet beam pipes [80] to impart an effective mass
to the photons mγ = ωp (where ωp is the plasma frequency of the gas, ω2

p = 4παne/me).
For axion masses that match the photon mass, q = 0 and the coherence is restored. By
changing the pressure of the gas inside the pipe in a controlled manner, the photon mass can
be systematically increased and the sensitivity of the experiment can be extended to higher
axion masses.

The basic layout of an axion helioscope requires a powerful magnet coupled to one or
more x-ray detectors. When the magnet is aligned with the Sun, an excess of x-rays at
the exit of the magnet is expected, over the background measured at non-alignment peri-
ods. This detection concept was first experimentally implemented in [12] and later by the
Tokyo helioscope [13], which provided the first limit to solar axions which is self-consistent,
i. e. compatible with solar physics. During the last decade, the same basic concept has been
used by CAST [16, 78–80] with some innovations that provide a considerable step forward in
sensitivity to solar axions.

The CAST experiment is the most powerful axion helioscope ever constructed. As the
conversion magnet is the main driver of a helioscope’s sensitivity, the CAST collaboration
has harnessed the most advanced superconducting magnet technology of CERN. Specifically,
CAST uses a decommissioned LHC test magnet that provides a magnetic field of 9 Tesla along
its two parallel pipes of 2×14.5 cm2 area and 10 m length, increasing the corresponding axion-
photon conversion probability by a factor 100 with respect to the previous implementation
of the helioscope concept [78]. The magnet is able to track the Sun for ∼ 3 hours per
day, half in the morning at sunrise and half in the evening at sunset. The rest of the
day is used for background measurements. X-ray detectors are placed at the ends of the
bores, with a Micromegas detector [81] and a CCD [82] installed at the “sunrise” side, and
two additional Micromegas detectors installed at the “sunset” side. (In 2007, the sunset
Mircomegas detectors replaced the multiwire TPC [83] that had been used previously.)

The unsurpassed sensitivity of CAST relies, in part, on several pioneering enhancements
to the helioscope concept. First, CAST employs an x-ray focusing optic between the magnet
and the detector, focusing the putative x-ray signal to a small spot and thus increasing the
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• 2 detection lines in BabyIAXO

• Optics: 

– IAXO Custom segmented-glass optics 

and flight spare XMM optics from ESA

– Prototyping + physics considerations

– Risk reduction for final IAXO 

segmented-glass optics

– XMM optics specs very close to IAXO 

optics design

– ESA preliminary support to the use of  

XMM optics in BabyIAXO

(2 XMM optics exist)

BabyIAXO optics

ESSP Granada, 14-May-2019 Igor G. Irastorza 44

BabyIAXO detectors

ESSP Granada, 14-May-2019 Igor G. Irastorza 45

• Detectors (baseline option): 
– 2 “microbulk” Micromegas detectors
– “Discovery detectors” (priority to low 

background)

– Experience in CAST

– Low background capability, radiopurity, 
shielding.

• Beyond baseline: 
– “high precision” detectors 

(post-discovery?)

– Better threshold & resolution

– 2 low-background Micromegas setups

– R&D in several technologies: 

GridPix, MMCs, TES, NTD, SSD.

BabyIAXO magnet

• “Common coil” configuration chosen
– Minimal risk: conservative design choices

– Cost-effective: Best use of  existing 

infrastructure (tooling) at CERN 

– Prototyping character: winding layout very 

close to that of  IAXO toroidal design.

ESSP Granada, 14-May-2019 Igor G. Irastorza 43

7
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m

  

BabyIAXO platform & infrastructure

• Existing CTA MST mount matches
BabyIAXO specs remarkably well

ESSP Granada, 14-May-2019 Igor G. Irastorza 46

• HERA South hall: 
perfect site for 
BabyIAXO
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OSQAR ALPS-Ⅰ ALPS-Ⅱ JURA

磁場 9T 5.3T 13T

長さ 14.3m × 2 189m 960m

感度

refefrence https://arxiv.org/abs/1410.2566 https://arxiv.org/abs/1302.5647 https://arxiv.org/abs/1302.5647 

3 × 10−8[GeV−1] 10−12[GeV−1]10−11[GeV−1]
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