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We can see there’s something we can’t see!
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Bullet Cluster

‣ Galaxies are spinning too fast, but not 
flying apart! 

‣ There’s a footprint in the CMB! 

‣ Galaxy mergers



So, what is Dark Matter?

Cosmic Visions: New Ideas in Dark Matter ABRACADABRA March 23, 2017

A Broadband Search for Axion-Like Dark Matter

3

‣ We know what it’s not: 
‣ It is not normal matter 

‣ But we have no evidence about what it 
could be 
‣ ~50 orders of magnitude in viable 

mass range 
‣ Little restriction on how it interacts 

(just feebly and gravitationally)  

‣ The best motivated theories 
simultaneously solve two problems: 
‣ DM + Supersymmetry (WIMPs) 
‣ DM + BAU (~GeV Scale WIMPs) 
‣ DM + Strong CP problem (Axions)



Axion and ALP Parameter Landscape
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Figure 1: Exclusion plot for axion-like particles
as described in the text.

The interaction with fermions f has derivative form and is

invariant under a shift φA → φA + φ0 as behooves a NG boson,

LAff =
Cf

2fA
Ψ̄fγµγ5Ψf∂µφA . (7)

Here, Ψf is the fermion field, mf its mass, and Cf a

model-dependent coefficient. The dimensionless combination

gAff ≡ Cfmf/fA plays the role of a Yukawa coupling and

αAff ≡ g2
Aff/4π of a “fine-structure constant.” The often-used

pseudoscalar form LAff = −i (Cfmf/fA) Ψ̄fγ5ΨfφA need not

be equivalent to the appropriate derivative structure, for exam-

ple when two NG bosons are attached to one fermion line as in

axion emission by nucleon bremsstrahlung [22].

In the DFSZ model [19], the tree-level coupling coefficient

to electrons is [23]

Ce =
cos2 β′

3
, (8)

where tan β′ = vd/vu is the ratio of the vacuum expectation

value vd of the Higgs field Hd giving masses to the down-

type quarks and the vacuum expectation value vu of the Higgs

October 1, 2016 19:58
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How can we probe axion dark matter?

IAXO Projected 
(Axions from the Sun) 

ADMX Limit 
(axion-DM resonant cavity) 

ADMX Projected 

QCD axion 
(theory) 

• Low mass (ma < 10-3 eV) Axion DM 
created through the realignment 
mechanism 

• This parameter space was initially 
discounted on theoretical grounds 

• Models require a pre-inflationary PQ 
transition, combined with a O(1%) tuning 
on the initial alignment angle. 
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How can we probe axion dark matter?

IAXO Projected 
(Axions from the Sun) 

ADMX Limit 
(axion-DM resonant cavity) 

ADMX Projected 

QCD axion 
(theory) 

QCD Axions
Unchartered 

ALP Terrain

• Low mass (ma < 10-3 eV) Axion DM 
created through the realignment 
mechanism 

• This parameter space was initially 
discounted on theoretical grounds 

• Models require a pre-inflationary PQ 
transition, combined with a O(1%) tuning 
on the initial alignment angle. 
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LaEM = �1

4
ga��aFµ⌫ F̃

µ⌫ ga�� / ↵EM

fa
fa � vweak

New terms in the Lagrangian:

r⇥B =
@E

@t
� ga��

✓
E⇥ra�B

@a

@t

◆
Leads to modifications to Maxwell’s Equations:
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Leads to modifications to Maxwell’s Equations:
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λ≫Detector Scale
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LaEM = �1

4
ga��aFµ⌫ F̃

µ⌫ ga�� / ↵EM

fa
fa � vweak

New terms in the Lagrangian:

r⇥B =
@E

@t
� ga��

✓
E⇥ra�B

@a

@t

◆
Leads to modifications to Maxwell’s Equations:

In the magneto-quasistatic limit, this behaves like an effective current 
parallel to the magnetic field

r⇥B = ga��B
@a

@t
) Je↵ ⌘ ga��B

@a

@t

0 0
λ≫Detector Scale



• Rather than being particles (e.g. WIMPs) floating 
around bumping into detector, they act as a 
coherent axion field (similar to an E&M field) 

• If the local DM density (~ 0.3 GeV/cm3) is 
dominated by axions, the axion field oscillates in 
time 

➡ Constant magnetic field ⇒ effective AC current at a frequency of f = ma/2π: 

➡ Signal is very coherent

Axion Modifications to EM
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Je↵(t) = ga��
p

2⇢DM cos(mat)B0

a(t) =

p
2⇢DM

ma
sin(mat)

�f

f
⇠ v2 ⇠ 10�6

WIMP

Axion
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A Broadband/Resonant Approach to Cosmic Axion Detection with an 
Amplifying B-field Ring Apparatus
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ABRACADABRA Search Principle

• Start with a toroidal magnet, with a fixed 
magnetic field, B0
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A Broadband/Resonant Approach to Cosmic Axion Detection with an 
Amplifying B-field Ring Apparatus
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ABRACADABRA Search Principle

• Start with a toroidal magnet, with a fixed 
magnetic field, B0

• Axion DM generates an oscillating effective 
current around the ring                          
(MQS approx: 2π/ma ≫ Rin, Rout, h)
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A Broadband/Resonant Approach to Cosmic Axion Detection with an 
Amplifying B-field Ring Apparatus
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ABRACADABRA Search Principle

• Start with a toroidal magnet, with a fixed 
magnetic field, B0

• Axion DM generates an oscillating effective 
current around the ring                          
(MQS approx: 2π/ma ≫ Rin, Rout, h)

• … this generates an oscillating magnetic 
field through the center
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A Broadband/Resonant Approach to Cosmic Axion Detection with an 
Amplifying B-field Ring Apparatus
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ABRACADABRA Search Principle

• Start with a toroidal magnet, with a fixed 
magnetic field, B0

• Axion DM generates an oscillating effective 
current around the ring                          
(MQS approx: 2π/ma ≫ Rin, Rout, h)

• … this generates an oscillating magnetic 
field through the center

• Insert a pickup loop in the center of the 
toroid to detect the oscillating magnetic field
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Jeff

Ba

GV: Geometric factor, depends on magnet geometry

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

�a(t) = ga��Bmax

p
2⇢

DM

cos (mat)GV V



How can we probe axion dark matter?

IAXO Projected 
(Axions from the Sun) 

ADMX Limit 
(axion-DM resonant cavity) 

ADMX Projected 

QCD axion 
(theory) 

The Challenge
To get an idea of the size of the effect:

• Take as an example, the geometry                   
r = Rin = Rout/2 = h/3 = 1 m, Bmax = 5T 

• For fa = 1016 GeV (ma~1 neV), KSVZ
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To get an idea of the size of the effect:

• Take as an example, the geometry                   
r = Rin = Rout/2 = h/3 = 1 m, Bmax = 5T 

• For fa = 1016 GeV (ma~1 neV), KSVZ

➡ B ~ 5×10-22 T @ f = 240 kHz,                       
Δf ~ 240 mHz

Cosmic Visions: New Ideas in Dark Matter ABRACADABRA March 23, 2017

A Broadband Search for Axion-Like Dark Matter

9

\

B0 ~ 5T

1m

2m

3m



How can we probe axion dark matter?

IAXO Projected 
(Axions from the Sun) 

ADMX Limit 
(axion-DM resonant cavity) 

ADMX Projected 

QCD axion 
(theory) 

The Challenge
To get an idea of the size of the effect:

• Take as an example, the geometry                   
r = Rin = Rout/2 = h/3 = 1 m, Bmax = 5T 

• For fa = 1016 GeV (ma~1 neV), KSVZ

➡ B ~ 5×10-22 T @ f = 240 kHz,                       
Δf ~ 240 mHz

Cosmic Visions: New Ideas in Dark Matter ABRACADABRA March 23, 2017

A Broadband Search for Axion-Like Dark Matter

9

\

B0 ~ 5T

1m

2m

3m

In the absence of a(t), this 
is a zero field region!



How can we probe axion dark matter?

IAXO Projected 
(Axions from the Sun) 

ADMX Limit 
(axion-DM resonant cavity) 

ADMX Projected 

QCD axion 
(theory) 

The Challenge
To get an idea of the size of the effect:

• Take as an example, the geometry                   
r = Rin = Rout/2 = h/3 = 1 m, Bmax = 5T 

• For fa = 1016 GeV (ma~1 neV), KSVZ

➡ B ~ 5×10-22 T @ f = 240 kHz,                       
Δf ~ 240 mHz

Example from MRI:

• Demonstrated sensitivity SB ~ 10-17 T/Hz1/2 in 
SQUID R ~ 3.3 cm

• Scaling to R = 1m, SB ~ 10-20 T/Hz1/2

• Access to QCD axion scale after ~2 year of 
scan       (when integration time ≫ 1/Δf:                    
gaγγ ~ SB(t/Δf)1/4 )
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B0 ~ 5T

1m
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3m

In the absence of a(t), this 
is a zero field region!



Two Readout Approaches
Exploring two SQUID based readout approaches: 

‣ A broadband approach 

• Scan the full frequency range in “one” 
measurement 

• No resonance amplification  

‣ A resonance amplification approach 

• Resonance circuit can enhance signal by      
Q0 ≳ 106  

• “Narrow” but tunable frequency line slowly 
scans through the full frequency range
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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.

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 B

max

= 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 B

max

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 [41]:

�
SQUID

⇡ ↵

2

s
L

Lp
�

pickup

. (9)

Here ↵ is an O(1) number, with ↵2 ⇡ 0.5 in typical
SQUID geometries [42].

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 [43]

Lp = r(ln(8r/�)� 2) ⇡ 7 µH, (10)

but this may be reduced with smaller loops in parallel as
in a fractional-turn magnetometer [44, 45].2 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

L
min

⇡ ⇡R2/h. (11)

With a “tall” toroid where h = 3R, one can achieve
L
min

⇡ 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 [42],
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
exhibit 1/f noise which dominates below about 50 Hz
at 0.1 K [46]. We estimate the reach of our broadband
strategy down to 1 Hz assuming 1/f noise is the sole
irreducible source of noise at these low frequencies, but in

2
We thank Chris Tully and Mike Romalis for suggesting this strat-

egy to us.
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able capacitor C. A “black box” feedback circuit modulates
the bandwidth �! and has mutual inductance M with the
SQUID.
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L
min

⇡ 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 [42],
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
exhibit 1/f noise which dominates below about 50 Hz
at 0.1 K [46]. We estimate the reach of our broadband
strategy down to 1 Hz assuming 1/f noise is the sole
irreducible source of noise at these low frequencies, but in

2
We thank Chris Tully and Mike Romalis for suggesting this strat-

egy to us.

Pickup 
Loop
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Broadband Axion Search
• SQUID readout systems can measure very small AC 

currents coming out of the pickup loop 

• Over ~5 — 50 Hz, the primary noise source is flux noise 
from the SQUID 

• Typical noise level is  

• Below ~5 — 50 Hz, 1/f noise takes over and becomes 
dominant 

• Cannot resolve thermal noise floor, so somewhat 
insensitive to temperature 

• Broadband only sensitivity:

Cosmic Visions: New Ideas in Dark Matter ABRACADABRA March 23, 2017

A Broadband Search for Axion-Like Dark Matter

11

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.

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 B

max

= 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 B

max

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 [41]:

�
SQUID

⇡ ↵

2

s
L

Lp
�

pickup

. (9)

Here ↵ is an O(1) number, with ↵2 ⇡ 0.5 in typical
SQUID geometries [42].

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 [43]

Lp = r(ln(8r/�)� 2) ⇡ 7 µH, (10)

but this may be reduced with smaller loops in parallel as
in a fractional-turn magnetometer [44, 45].2 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

L
min

⇡ ⇡R2/h. (11)

With a “tall” toroid where h = 3R, one can achieve
L
min

⇡ 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 [42],
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
exhibit 1/f noise which dominates below about 50 Hz
at 0.1 K [46]. We estimate the reach of our broadband
strategy down to 1 Hz assuming 1/f noise is the sole
irreducible source of noise at these low frequencies, but in

2
We thank Chris Tully and Mike Romalis for suggesting this strat-

egy to us.
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A Resonance Enhanced Search

• We can enhance the signal in a narrow frequency 
window by adding a capacitor to create a RLC circuit 

• This can amplify the signal by Q0, in a narrow 
bandwidth, Δω = ω/Q0 

• Resonators with Q0 ~ 106 are achievable 

• Dominant noise source becomes dissipation in the 
oscillator circuit ⇒ temperature dependent 

• Benchmark at operating temperature of 100mK 

• Naive resonance scan sensitivity:
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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.

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 B

max

= 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 B

max

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 [41]:

�
SQUID

⇡ ↵

2

s
L

Lp
�

pickup

. (9)

Here ↵ is an O(1) number, with ↵2 ⇡ 0.5 in typical
SQUID geometries [42].

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 [43]

Lp = r(ln(8r/�)� 2) ⇡ 7 µH, (10)

but this may be reduced with smaller loops in parallel as
in a fractional-turn magnetometer [44, 45].2 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

L
min

⇡ ⇡R2/h. (11)

With a “tall” toroid where h = 3R, one can achieve
L
min

⇡ 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 [42],
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
exhibit 1/f noise which dominates below about 50 Hz
at 0.1 K [46]. We estimate the reach of our broadband
strategy down to 1 Hz assuming 1/f noise is the sole
irreducible source of noise at these low frequencies, but in

2
We thank Chris Tully and Mike Romalis for suggesting this strat-

egy to us.
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The MQS approximation 
breaks down (2π/ma~Rin)

Broadband search and 
ADMX make 
complimentary assumptions, 
and so probe complimentary 
ranges!

Broadband Axion Search Sensitivity
A Broadband Search for Axion-Like Dark Matter

We have some interesting 
calculations to do to understand 
what happens in this regime

1 yr sensitivity (SNR = 1)



ABRACADABRA Program
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ABRACADABRA-10 cm
• We are building a 10 cm scale prototype version at MIT 

• Dimensions: Rin = 3 cm, Rout = 6 cm, h = 12 cm. GV ~ 5%. Bmax = 1 T. 

• People: Janet Conrad, Joe Formaggio, Sarah Heine, Reyco Henning (UNC), 
Yoni Kahn (Princeton), Joe Minervini, Jonathan Ouellet, Kerstin Perez, Alexey 
Radovinsky, Ben Safdi, Jesse Thaler, Daniel Winklehner, Lindley Winslow 

• Funded by an $80k NSF grant 
‣ Expected magnet delivery in May 

‣ Hope to have first results before the end of 2017, though we will spend quite a bit of time 
investigating different data taking configurations.
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ABRACADABRA-10 cm
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Cosmic Axion Detection with an
Amplifying B-field Ring Apparatus

Ben Safdi
Massachusetts Institute of Technology

2015

Counter-wound 
superconducting coils 

80 grooves with 6 windings 
per groove for 240 windings

12 cm

12 cm

Super conducting pickup cylinder

Will be operated as a persistent 
superconducting magnet



ABRACADABRA-10 cm
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Cosmic Axion Detection with an
Amplifying B-field Ring Apparatus

Ben Safdi
Massachusetts Institute of Technology

2015

Counter-wound 
superconducting coils 

80 grooves with 6 windings 
per groove for 240 windings

12 cm

12 cm
Bmax ≈ 1 T

Super conducting pickup cylinder

Will be operated as a persistent 
superconducting magnet



ABRACADABRA-10 cm

Cosmic Visions: New Ideas in Dark Matter ABRACADABRA March 23, 2017

A Broadband Search for Axion-Like Dark Matter

18

Vertical Cut

Wire to inject 
test signal 

Hall sensor to 
measure Bmax



Lab At MIT
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• We have an Oxford Instruments Triton 400 dilution 
refrigerator 

• Normally used for R&D for CUORE/CUPID 0νββ 

• Capable of a base temperature of <10 mK  

• Working volume of ~12 L 

• ~25 cm diameter by ~24 cm 
height 

• Cryogen free, so does not 
require He refilling 

• Can run ~2 weeks unattended

700 mK

50 mK

10 mK



SQUIDs and SQUID Arrays
• We currently have a set of Magnicon SQUID amplifier arrays 

• These will act as a second stage amplification to a first stage SQUID 

• We are looking to purchase a Magnicon SQUID current sensor 

• Typical noise @ 4K: 1.2 × 10-6 Φ0/(Hz)1/2, with 1/f corner at 3 Hz 

• Bandwidth of 6MHz 

• Might be able to do slightly better with SQUID amplifiers or at lower 
temperatures.
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Shielding



ABRACADABRA-10 cm
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World leading limit after 1 month 
of data! 
‣ SNR=1 

‣ Assumes flux limited background 

‣ 1/f corner between ~3Hz — 50Hz 

‣ Bandwidth of ~6MHz
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Cosmic Axion Detection with an
Amplifying B-field Ring Apparatus

Ben Safdi
Massachusetts Institute of Technology

2015

ABRACADABRA 10cm Prototype Goals
Questions we hope to address with the prototype: 

1. Stray fields 

2. Shielding 

3. Pickup loop geometry 

4. Temperature 

5. Vibration 

6. Decoherence and Scan Strategies
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Stray Fields And Toroid Construction
‣ The advantage of this approach is that we are 

searching for a signal in a zero field region 

• 4 orders of magnitude for free! 

• Need to minimize the stray fields in the 
center of the toroid 

• Want to keep wiring out of the center of the 
toroid 

• Persistent superconducting magnet to 
minimize noise in the coils 

‣ Possibly investigate a segmented toroidal 
magnet 

• Easier to scale up in size 

• Possibly more stray fields 

• Worse geometric factor, GV
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Bavg ~ 5 T 

~ 0.67 with 9 coilsQTMC•

x 

y 

cavity cavity 

11 

Bpeak ~ 9 T 

• coils with NbTi ; 
  not too expensive, 
  easy manufacturing, 
  but, BC < 9 T 

Simulation from: Byeong Rok Ko

Cosmic Axion Detection with an
Amplifying B-field Ring Apparatus

Ben Safdi
Massachusetts Institute of Technology

2015
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‣ Also need to have significant shielding of 
environmental magnetic fields 

• Looking into encapsulating toroid in a 
superconducting shield 

‣ Johnson noise in normal conducting metals 
generates magnetic field noise 

• All materials must be superconducting or 
insulators (or outside) 

‣ Exploring setting up Helmholtz coils to cancel 
Earth field during cool down.

Pickup-Cylinder Detail

‣ A pickup cylinder (rather than a simple wire) 
reduces the inductance 

‣ Need to design detector to be disassembled and 
reassembled with different pickup configurations

Pickup Cylinder

Magnetic Shielding



Operating Temperature and Vibration Isolation
The operating temperature is a big question 

‣ The toroid and shield need to be superconducting, ≲ 1 - 4 K 
(depending on material, field, etc) 

‣ The SQUIDs can operate between ~100mK and 4K, but do 
not need to be the same temperature as the toroid and shield 

‣ The only temperature dependence is the resonant circuit 

‣ Lower temperature reduces Johnson noise, but raises 1/f 
corner 

‣ Does black body radiation induce noise? 

Of course vibration can induce incoherent noise 

‣ Microphonic noise pickup creating a noise background 

‣ Vibration of pickup relative to toroid ⇒ stray DC B-fields 
into AC B-fields
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Data Taking and Scan Strategies
Decoherence can broaden a signal line and reduce 
sensitivity 

• On board timing resolution of the digitizer 

• High precision clock? 

• How high of a data rate can we handle? 

• At very low frequency, correcting for Earth’s motion 

An optimal scan strategy can significantly improve 
sensitivity 

• K. Irwin has pointed out that broadband data can be 
collected simultaneously with resonance data 

• Currently studying optimal scan approaches
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ABRACADABRA Budget Estimates
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ABRACADABRA-10cm
Dilution Refrigerator ✓
SQUID Readout System ✓
Magnet $80k
Shielding

ABRACADABRA 1m
Cooling System:

Dilution refrigerator systems O(≲$1M)
Larger system to cool the toroid

SQUID Readout Systems
Custom system with larger bandwidth and resonator O(≲$1M)

Shielding
To be determined

Magnet
Typical scaling number (cost driver) $250k/MJ
Rmin=1m, Rmax = 2m, h = 3m, Bmax = 1T $1.2M
Rmin=2.2m, Rmax = 4.5m, h = 6.7m, Bmax = 1T $6M
Rmin=1m, Rmax = 2m, h = 3m, Bmax = 5T $30M

*All numbers are ballpark estimates
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Summary

‣ Axions are interesting candidates for both Dark Matter and 
explaining the strong CP problem 

‣ A broadband search using a toroidal magnet geometry has the 
potential to quickly probe into previously untested regions of 
parameter space 

‣ Long term, this type of search could hope to probe down into the 
QCD axion regime 

‣ At MIT, we are building a prototype called ABRACADABRA-10 cm 
with the goal of scaling this up to a 1 m scale experiment 

‣ We are aiming to have early results by the end of 2017
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Thank you for you attention!
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Broadband Sensitivity
Our benchmark geometry Rin = Rout/2 = r = h/3: 

• The S/N ratio depends on the coherence time, τ 

• The coherence time is given by  

• The sensitivity goes as (depends strongly on scan strategy):
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Our benchmark geometry Rin = Rout/2 = r = h/3: 

• The signal and noise power goes as 

• The sensitivity goes as

Resonance Sensitivity
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Made of Nippon Steel Co. NbTi/Nb/Cu Multilayer Composite Sheet 

Low-Field Magnetic Shield for ABRACADABRA 
  Magnetic Shielding

• We will need to shield the toroid from 
environmental magnetic noise  

• Ideally, use a superconducting shield 

• Looking into this NbTi/Nb/Cu multilayer sheet 

• Achieve ~fT/(Hz)1/2 noise levels in SQUID 
magnetometers
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Nippon Steel Co. NbTi/Nb/Cu Multilayer 
Composite Sheet 

Cross-sec(on	of	1	mm	thickness.		

Shield cups made by deep drawing after heat-
treatment.  

Shield effects of concentrically stacked cups. 

I. Itoh and T.Sasaki, IEEE Trans. on Appl. Superconduct.,  3, 1993. 

1.2	m	width	

1 mm cross section

(a) Superconducting magnetic shield. 
(b) Both the SQUID sensor and the pick-up coil were tightly wrapped by a superconducting lead(Pb) foil.  
(c) Permalloy magnetically-shielded room.  
(d) The intrinsic noise of  SQUID sensors  [D. Drung, S. Bechstein, K. P Franke, and T. Schurig, IEEE Trans.Applied 
       Superconductivity, 880, 2001.]. 

Noise Spectra of a SQUID in magnetic shield	

H. Ohta, T. Matsui, and Y. Uchikawa, IEEE Trans. on Appl. 
Superconduct.,  17, 2007. 



Axion Dark Matter Density
• The axion energy matter density today is given by 

• For fa = 1016 GeV ⇒ |θi| ≲ 10-3 - 10-2 

• Alternatively, we can also begin with a larger misalignment angle, and 
suppress the energy density by dumping entropy into the universe after 
3H=ma(T) but before BBN.
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• After 3H = ma, coherent oscillations ⇠ NR matter
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• fa = 1016 GeV ! |✓i| . 10�3 � 10�2
(e.g., Tegmark, Aguirre, Rees, Wilczek ’05)

B. Safdi

ä+ 3Hȧ+m2
aa = 0



Future Directions?
• We have also considered surrounding 

the toroid in a non-overlapping 
superconducting shield 

• The axion induced B-field is 
trapped inside, and the FULL axion 
current returns through the SC 
shield!
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Overlap without touching



Large Cold Detectors
• Can we really cool down something that big??

Cosmic Visions: New Ideas in Dark Matter ABRACADABRA March 23, 2017

A Broadband Search for Axion-Like Dark Matter

35



Large Cold Detectors
• Can we really cool down something that big??

➡ Yes!
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AURIGA: 60 cm x 3 m 
Cryogenic gravitational 

wave antenna 
CUORE: 1.5 t of material at 10 mK 
Coldest Cubic Meter in the Universe!


