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Two important facts to keep in mind in any dark matter talk
(at least, today)



Fact 1: we know a lot about dark matter



Fact 2: we know almost nothing about dark matter



Fact 2: we know almost nothing about dark matter

I No evidence for non-gravitational interactions
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I No evidence for particular dark-matter mass



Over 20 orders of magnitude in DM mass!

Axions WIMPS
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Dark-matter: BSM physics exists

Axions WIMPS

-3-12 9 12
log10(ma/eV)

• Clear evidence that dark-matter (BSM physics) exists

• Well motivated dark-matter models (WIMPs, axions, . . . )



Dark matter models

✓
✓̄ +

a

fa

◆
Gµ�G̃µ�

B̃, W̃3, H̃u, H̃d

Name What is it? Motivation

Axion Strong CP

Neutralino (WIMP)
Hierarchy Problem 

(why Higgs mass so 
light)



How can we probe axion dark matter?

Axion helioscope

CAST

Resonant cavity

ADMX

Figure 1: Axionic Black Hole Atom: The spinning black hole “feeds” superradiant states form-
ing an axion Bose-Einstein condensate. The resulting bosonic atom will emit gravitons through
axion transitions between levels and annihilations and will emit axions as a consequence of self-
interactions in the axion field.

Consequently, one may expect hundreds of axion-like particles in a given string compactification.
However, a plenitude of cycles does not yet guarantee the presence of a plenitude of axions. There
is a number of e�ects in string theory that could produce a large axion mass, such as branes
wrapping the cycles, and fluxes. One can roughly estimate the number of light axions as being
determined by the number of cycles without fluxes—presumably, around one tenth of the total
number of cycles. Still this leaves us with the expectation of several tens of axion-like particles.

The discovery of a plenitude of particles in our vacuum with similar properties but di�erent
masses supports the idea of a plenitude of vacua, as both the axiverse and the multiverse are
dynamical consequences of the same fundamental ingredients.

The masses of string axions are exponentially sensitive to the sizes of the corresponding cycles,
so one expects them to be homogeneously distributed on the logarithmic scale. However, given
that the QCD ✓-parameter is constrained to be less than 10�10, non-perturbative string corrections
to the QCD axion potential should be at least ten orders of magnitude suppressed as compared
to the QCD generated potential. It is then natural to expect many of the axions to be much
lighter than the QCD axion; these are the axions whose mass is dominated only by these small
non-perturbative string e�ects.

The implicit, and very plausible assumption behind this line of reasoning is that there is no
anthropic reason for the existence and properties of the QCD axion. Consequently, these properties
should follow from the dynamics of the compactification manifold, rather than being a result of
fine-tuning, and the QCD axion should be a typical representative among other axion-like fields.
A priori we expect tens (or even hundreds) of light axions, it would be really surprising if the
QCD axion turned out to be the single one.

5

Astrophysics

BH superradiance

ADMX

• Astrophysics/cosmology: stellar cooling, CMB, BBN (Phys. Lett.

B. 2014: K. Blum, R. D’Agnolo,M. Lisanti,B.S.), superradiance
• Laboratory experiments: ADMX (resonant cavity), CAST
(axion helioscope)
• New proposal: PRL 117, Sept. 2016 (Y. Kahn, B.S., J. Thaler): A
broadband approach to axion dark matter detection



Outline

I Axion particle physics (review)

I Axion cosmology (review and work in progress)

I ABRACADABRA: Cosmic axion detection (theory)

I ABRACADABRA-10 cm at MIT (experiment)



Why axions and what are they?



Strong CP: the other naturalness problem (|✓̄| < 10�10)

• Problem: CP-violating �CKM ⇠ O(1), but |✓̄| < 10�10

• Solutions:
I mu = 0: but strongly disfavored by lattice data

I Spontaneous CP violation (Nelson-Barr)
I ✓̄ = 0 in UV because theory CP conserving
I After spontaneous CP breaking, �CKM generated but ✓̄

protected (extra structure)
I May introduce additional fine tuning, coincidence of scales,

significant model-building gymnastics

I Axion: Spontaneously broken global PQ symmetry in UV
I Light pseudo-goldstone boson “the axion” removes |✓̄|
I Axion can be dark matter
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The axion solves the strong CP problem

LCP
QCD = � ✓ g2

32⇡2
Gµ⌫G̃

µ⌫ �
X

q

q̄ mqe
�i�q�5q

I U(1)A anomaly: q ! e�i↵q�5q

✓ ! ✓ + 2
X

q

↵q

I U(1)A invariant: ✓̄ ⌘ ✓ �
X

q

�q

I Calculation: dn ⇡ 2.4 ⇥ 10�16 ✓̄ e · cm

I Measurement: |✓̄| < 10�10

I No anthropic argument for why ✓̄ is so small!

Peccei, Quinn 1977; Weinberg 1978; Wilczek 1978
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The axion solves the strong CP problem

Laxion = �
✓

✓̄ +
a

fa

◆
g2

32⇡2
Gµ⌫G̃

µ⌫

I QCD generates axion mass:

V (a) ⇡ 1

2
f2

ama
2

✓
✓̄ +

a

fa

◆2

ma ⇡ f⇡

fa
m⇡ ⇡ 10�9 eV

✓
1016 GeV
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◆

I Axions also couple to QED:

L = �1

4
ga��aFµ⌫F̃

µ⌫ ga�� / ↵EM
fa

Peccei, Quinn 1977; Weinberg 1978; Wilczek 1978
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Axion dark matter is a classical field

Axions WIMPS

-3-12 9 12
log10(ma/eV)

DM field DM particles

Dark Matter Models

I de Broglie wavelength: �dB =
2⇡

p
⇡ 2⇡

mv
I Axion (m = 10�9 eV): �dB ⇡ 8 ⇥ 103 km
I WIMP (m = 100 GeV): �dB ⇡ 8 ⇥ 10�17 km

I Local DM energy density: ⇢DM ⇡ 0.4 GeV/cm3

I Local occupancy number: N ⇡ (⇢DM/m) ⇥ �3
db

I Naxion ⇡ 1044

I NWIMP ⇡ 10�36
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The axion as dark matter (fa > HI/2⇡)
ä + 3Hȧ + m2

aa = 0 (H = T 2/mpl)

• After 3H = ma, coherent oscillations ⇠ NR matter

• Today: ⌦ah
2 ⇠ 0.1

✓
fa

1012 GeV

◆7/6

✓2
i

• fa = 1016 GeV ! |✓i| . 10�3 � 10�2
(e.g., Tegmark, Aguirre, Rees, Wilczek ’05)
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Is QCD damping relevant at small fa?
Preliminary! In progress with Andrey Katz

ä + (3H + �QCD)ȧ + m2
aa = 0

I QCD Damping rate (McLerran et. al. 1990) :

�QCD =
1

f2
a T

Z
d4xh ↵s

4⇡
tr[Gµ⌫G̃

µ⌫(x)]
↵s

4⇡
tr[Gµ⌫G̃

µ⌫(0)] iT

=
�sphaleron

f2
aT

/ (large coefficient) ⇥ T 3

f2
a

I Important if �QCD ⇠ H at T ⇠ 1 GeV:

(1 GeV)3

f2
a

⇠ (1 GeV)2

1018 GeV

I Important for fa . 1010 GeV (with the O(1) numbers)
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Is QCD damping relevant at small fa?

Probably not if fa & 1011 GeV

t

a(
t)

with QCD 
damping

no QCD 
damping

fa = 1011 GeV



Is QCD damping relevant at small fa?

Likely yes if fa . 1010 GeV

t

a(
t)

fa = 1010 GeV

with QCD 
damping

no QCD 
damping



Outline

I Axion particle physics (review)

I Axion cosmology (review and work in progress)

I ABRACADABRA: Cosmic axion detection (theory)

I ABRACADABRA-10 cm at MIT (experiment)



How can we probe axion dark matter?

IAXO Projected 
(Axions from the Sun) 

ADMX Limit 
(axion-DM resonant cavity) 

ADMX Projected 

QCD axion 
(theory) 



How can we probe axion dark matter?

IAXO Projected 
(Axions from the Sun) 

ADMX Limit 
(axion-DM resonant cavity) 

ADMX Projected 
BH Superradiance?  

e.g., Arvanitaki, Baryakhtar, Huang 2014



How can we probe axion dark matter?

IAXO Projected 
(Axions from the Sun) 

ADMX Limit 
(axion-DM resonant cavity) 

ADMX Projected 

String/GUT inspired  
axion DM models 

Naturally Live Here! 

e.g., Svrcek, Witten 2006



Axion dark matter modifies Maxwell’s equations

I Recall axions also couple to QED:

L = �1

4
ga��aFµ⌫F̃

µ⌫ ga�� / ↵EM
fa

I Magnetoquasistatic approximation: new electric current
that follows B-field lines

r ⇥ B = ga��B
@a

@t

I Locally: a(t) ⇡ a0 sin(mat) and
1

2
m2

aa0
2 = ⇢DM

I Jeff = ga��

p
2 ⇢DMB sin(mat)

Scott Thomas and Blas Cabrera (2010), Sikivie et. al. (2013)
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I Estimate B-field induced through pickup loop
(r = a = h = R)

I Axion effective current: Ieff ⇠ R2Jeff

I B ⇠ Ieff
R

⇠ R ga��

p
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Broadband estimate

Lp
Li

L

M

R

I Example from MRI application: (Myers et. al. 2007)
I B-field sensitivity: S1/2

B ⇡ 6.4 ⇥ 10�17 T/
p

Hz
I R ⇡ 3.3 cm

I Scale to R ⇡ 4 m
I S1/2

B ⇡ 5 ⇥ 10�20 T/
p

Hz
I t = 1 year interrogation time for GUT scale axion

I Coherence time: ⌧ ⇠ 2⇡/(mav2) ⇠ 10 s (v ⇠ 10�3)
I S/N = 1 for B = S1/2

B (t⌧)�1/4 ⇠ 10�22 T
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MQS approximation 
breaks down



Outline

I Axion particle physics (review)
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I ABRACADABRA-10 cm at MIT (experiment)



The MIT prototype: ABRACADABRA-10 cm

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

I Dimensions: 12 ⇥ 12 cm2 (R = 3 cm, h = 12 cm), B = 1 T
I People (LNS+CTP, PSFC, +1 Princeton): Janet Conrad,

Joe Formaggio, Sarah Heine, Yoni Kahn, Joe Minervini,
Jonathan Ouellet, Kerstin Perez, Alexey Radovinsky,
B.S., Jesse Thaler, Daniel Winklehner, Lindley Winslow

I Lindley’s dilution refrigerator (< 100 mK)
I Workable space: R ⇠ 25 cm, h ⇠ 25 cm

I Funded by the NSF (as of this week)
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ABRACADABRA-10 cm



ABRACADABRA-10 cm

Toroidal  
magnet coil

Superconducting  
pickup cylinder

Thanks Daniel Winklehner for CAD model and slides.



ABRA-10 cm: vertical cut

test wire



ABRA-10 cm: pickup cylinder

Superconducting  
pickup cylinder

Cut cylinder 
so current returns through  

leads

Pickup loop leads



ABRA-10 cm: reach after 1 month
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Complementary proposals for
axion dark matter experiments



CASPEr: oscillating neutron EDM

Laxion = �
✓

✓̄ +
a

fa

◆
g2

32⇡2
Gµ⌫G̃

µ⌫

dn(t) = gd a(t) , gd ⇡ 2.4 ⇥ 10�16 e · cm
fa

CASPEr: NMR detection

• Measures coupling to             through nucleon spin 
• Measurement taken in external E and B fields 
• Sensitivity to much lower masses! Win by volume
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Figure 7

Sensitivity of the CASPEr-Wind proposal. ALP parameter space in pseudoscalar coupling of axion
to nucleons Eqn. 20 vs mass of ALP. The purple line is the region in which the QCD axion may
lie. The width of the purple band gives an approximation to the axion model-dependence in this
coupling. The darker purple portion of the line shows the region in which the QCD axion could be
all of the dark matter and have fa < Mpl as in Figure 8. The green region is excluded by SN1987A
from (35). The blue region is excluded by searches for new spin dependent forces between nuclei.
The red line is the projected sensitivity of an NMR style experiment using Xe, the blue line is the
sensitivity using 3He. The dashed lines show the limit from magnetization noise for each sample.
The ADMX region shows the part of QCD axion parameter space which has been covered (darker
blue) (52) or will be covered in the near future (lighter blue) by ADMX. For full details see (68).

4. Searches for Solar Axions

4.1. Solar Axions

Axions can be produced in the solar interior by the Primako� conversion of plasma photons

into axions in the Coulomb field of charged particles via the generic a�� vertex (88), giving

rise to a solar axion flux at the Earth surface (89) of �a = g2
10 3.75 � 1011 cm�2 s�1

(where g10 = ga��/10�10 GeV�1), which corresponds to a fraction of the solar luminosity of

La/L� = g2
101.85�10�3. These axions have a broad spectral distribution around 1�10 keV,

determined by the solar core’s temperature, and usefully parameterized by the following

expression (89):

d�a

dE
= 6.02 � 1010 cm�2 s�1 keV�1 g2

10 E2.481e�E/1.205 (E in keV) (22)

that is plotted in Fig. 9. This is a robust prediction involving well-known solar physics and

16 Peter W. Graham, Igor G. Irastorza, Steven K. Lamoreaux, Axel Lindner, and Karl A. van Bibber

dn = gd

p
2⇢DM

ma
cos(mat)L � � i

2
gdaN�µ��5NFµ�

SQUID
pickup
loop

�Bext

�M

�E�,�v

Figure 6

CASPEr setup. The applied magnetic field �Bext is colinear with the sample magnetization, �M . In
CASPEr-Wind the nuclear spins precess around the local velocity of the dark matter, �v, while in
CASPEr-Electric the nuclear EDM causes the spins to precess around an e�ective electric field in
the crystal �E�, perpendicular to �Bext. The SQUID pickup loop is arranged to measure the
transverse magnetization of the sample.

The CASPEr-Wind experiment is in fact a search for any light particle that couples to

nuclear spin (a generic coupling), not just the axion. For example, any pseudo-Goldstone

boson is expected to possess a coupling that would be detectable in the CASPEr-Wind

experiment. It can also detect other types of dark matter, for example hidden photon dark

matter (87, 26) is detectable through a nuclear dipole moment coupling.

Existing experiments may already be able to set limits on axion-like particles. Data

from experiments searching for nuclear EDMs or looking at nucleon spin precession in a

low background environment may be reanalyzed to search for a time-varying signal, a sign

of the axion. While not ultimately as sensitive as CASPEr where the signal is resonantly

enhanced, such searches may be able to probe beyond the current astrophysical limits in

Figures 7 and 8.

CASPEr is a novel and highly sensitive search for a broad class of dark matter candidates

in two new parameter spaces, the ‘axion wind’ and nuclear EDM, of which the QCD axion is

the most well-known example. In particular, CASPEr has the sensitivity to detect the QCD

axion over a wide range of masses from � 10�9 eV to 10�12 eV which are well-motivated

by fundamental physics (24) and where no other experiment can detect it.

Construction is just beginning on the CASPEr experiment. Work on CASPEr is cur-

rently being carried out in several places including Stanford, Berkeley, and Mainz.

70), and is also well-motivated theoretically (24).
3Note that the Wind coupling leads to a spin-dependent force which could be probed using NMR

techniques as well e.g. (80, 81, 82, 83, 84, 85, 86).
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M(t) ⇡ npµE��Sdn
sin [(2µBext � ma)t]

2µBext � ma
sin(2µBextt)

resonance

[Budker et al., 1306.6089]
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FIG. 2: Estimated constraints in the ALP parameter space in the EDM coupling gd (where the nucleon EDM is dn = gda and
a is the local value of the ALP field) vs. the ALP mass [17]. The green region is excluded by the constraints on excess cooling
of supernova 1987A [17]. The blue region is excluded by existing, static nuclear EDM searches [17]. The QCD axion is in the
purple region, whose width shows the theoretical uncertainty [17]. The solid red and orange regions show sensitivity estimates
for our phase 1 and 2 proposals, set by magnetometer noise. The red dashed line shows the limit from magnetization noise of
the sample for phase 2. The ADMX region shows what region of the QCD axion has been covered (darker blue) [34] or will
be covered (lighter blue) [59, 60]. Phase 1 is a modification of current solid state static EDM techniques that is optimized to
search for a time varying signal and can immediately begin probing the allowed region of ALP dark matter. To calculate limits
from previous (static) EDM searches as well as our sensitivity curves, we assume the ALP is all of the dark matter.

III. SENSITIVITY

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

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

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

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

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

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

(Budker, Graham, Ledbetter, Rajendran, and Sushkov ’13)



Light bosonic dark matter future

I MIT: ABRA-10 cm followed by ABRA-1 m (B ⇠ 10 T)

I ABRA-1 m: multiple experiments at different locations
I Preliminary discussions with Korean Center for Axion and

Precision Physics (Yannis Semertzidis)

I Axions and light bosonic dark matter well motivated by
high-scale physics (e.g., compactified string theory)

I Detection may provide window to high-scale physics (GUT
scale, inflation, . . . )

I New ideas to search for ultra-light scalars, dark-photons,
etc. (laboratory experiments + astrophysics)

I e.g., CASPEr experiment
I Black Hole superradiance



Questions?



Axion Backup Slides



Magnetic field sensitivity calculation
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Broadband: detailed calculation
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Low input coil inductance SQUIDs for Cryogenic Current Comparator 
applications 

J .  Sese, A. C a m h ,  and C. Rillo 
ICMA, CSIC - Universidad de  Zarapoza, SO009 Zarapoza, Spain 

M. G. H. Hiddink, L. Vargas, M. J. van Duuren, G. C. S. Brons, J. Flokstra, and H. Rogalla 
University of Twente, P.O. Box 2 1 7 , 7 5 0 0  AE Enschede. T h e  Netherlands 

G. Rietveld 
NMi Van Swinden Laboratoriurn. P.O. Box 654, 2600 AR Delft, The  Netherlands 

Abstract- Dc SQUIDS with an optimal input coil inductance 
have been developed for a Cryogenic Current Comparator (CCC) 
that is used for the calibration of electrical standards. We studied 
a series of SQUIDS with input inductances in the range from 20- 
160 nH. The electrical properties like input current noise and 
flux-to-voltage transfer have been investigated. The CCC is an 
overlapping tube configuration and the tube itself is used as the 
pick-up coil of the flux transformer circuit of the SQUID. The 
coupling between CCC and flux transformer is in this case ideal 
and should have an optimal value when the effective overlapping 
tube inductance, typically in the range from 10-100 nH, equals 
that of the SQUID input coil (flux transformer theory). To 
compare with theory, sensitivity measurements on the SQUID- 
CCC have been performed in a special set-up where the effective 
overlapping tube inductance can be modified placing the CCC in 
a superconducting shield at various distances. 

I. INTRODUCTION 

The Cryogenic Current Comparator is the most accurate 
device to compare two currents [ I ] .  There exist two 
configurations called type I and type 11. The most common used 
is the type I CCC [2] that is essentially composed of several 
primary windings inside a superconducting tube that is 
overlapped like a snake swallowing its own tail, When the CCC 
is operated two opposite currents II and 12 are passing through 
N I  and N2 turns primary windings, a Meissner current IE=I,NI- 
I&'?, equal to the magnetomotive force unbalance, appears in 
the inner surface of the superconducting overlapped tube and 
returns through the external surface. I E  creates a magnetic tlux 
L o v l ~ ,  where Lo" is the self inductance of the overlapped tube 
as if it were closed. Following some construction rules [3] it is 
not difiicult to achieve a ratio between the leakage tlux and the 
signal tlux less than Also important in a CCC is its 
current resolution, ip, defined as the minimum current per 
primary turn and unit  of bandwidth that can be detected by the 
SQUID [4]. Classically a pick-up coil is used to sense the flux 
created by I E .  This coil is connected with the input coil of the 
SQUID, thus forming a superconducting tlux 

Manuscript received September 14, 1998. 
This work was supported in part by the Spanish Ministry of Education 

under projects No. CICYT MAT95-IS41 and MAT98-0668. 

transformer. As it is known from flux transformer theory [4], 
maximum tlux transfer is achieved when the self inductances of 
both sides in the flux transformer are matched. However it has 
been demonstrated that in that way it is not possible to get the 
best performance of the CCC [ 5 ] .  This is so because the 
coupling between the overlapping tube and the pick-up coil is 
not ideal. This gives a loss in current resolution of 20 to 50 % 
depending on the number of turns in the pick-up coil that are 
necessary to match the inductances. 

Recently a new special configuration has been proposed, 
which enables ideal coupling [ 5 ] .  It consists in connecting 
directly the overlapping tube to the SQUID as shown in Fig. I .  
This configuration is equivalent to a single turn pick-up coil 
ideally coupled to the overlapping tube. In addition, i t  
eliminates problems arising from relative mechanical vibrations 
of the pick-up coil with respect to the overlapping tube. 

J 

Fig. I .  Schematic overview of a type I CCC with the overlapping tube 
connected directly to the SQUID. L,,, L M  L,,,,,,,, and L,,, are the self- 
inductances of the overlapping tube, wires, input coil of the SQUID and 
SQUID ring, respectively. 

For this configuration when Lo" = LI,I,l,l, and the inductance 
of the transformer wires, Lw << Li,,plrt then the ideal maximum 
current resolution ( I )  is reached [ 5 ] .  dk2 , ,  is the extrinsic 
energy resolution of the SQUID, and the SQUID is considered 
as the only noise source of the system. 

1051-8223/99$10.00 0 1999 IEEE 

Sese et. al., 1999

Cryogenic Current Comparator

Broadband: readout circuit
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CASPEr: BBN and tuning bounds
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I QCD generates minimum ma

I Effective operator changes neutron-proton mass difference
in early universe (Phys. Lett. B. 2014: K. Blum, R. D’Agnolo,M. Lisanti, B.S. )
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