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First Thought: Physics

P5 Report: arXiv2407.19176

Small experiments are 
needed for discovery across 
HEP, as either auxiliary 
measurements or discovery 
machines in their own right.  
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Second Thought: A Definition

Small experiments exist on a continuum, 
but they share the fact that the team 
doing the analysis is the same that is 
constructing and running the experiment.  
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sensitive to the QCD axion. This Article presents data
collected in 2020 that is up to an order of magnitude
more sensitive than our previous results [29] and places
strong limits on ADM in the 0.41 � 8.27 neV range of
axion masses.

ABRACADABRA-10CM DETECTOR

The ABRACADABRA-10 cm detector is built around
a 12 cm diameter, 12 cm tall, 1 T toroidal magnet fab-
ricated by Superconducting Systems Inc [30]. The ax-
ion interactions with the toroidal magnetic field B0 drive
the e↵ective current, Je↵ , which oscillates parallel to B0

and sources a real oscillating magnetic field through the
toroid’s center. The oscillating magnetic flux is read
out with a two-stage DC-SQUID via a superconducting
pickup in the central bore. Unlike other axion detector
designs, this novel geometry situates the readout pickup
in a nominally field-free region unless axions are present
[15]. The detector can be calibrated by injecting fake ax-
ion signals (i.e., AC currents) through a wire calibration
loop that runs through the body of the magnet. The
detector, illustrated schematically in Fig. 1, is located on
MIT’s campus in Cambridge, MA.

In 2019, we performed several detector upgrades from
the Run 1 configuration in order to improve our sensitiv-
ity [29, 31]. In this Article we report the results of the
subsequent data campaign (Run 3), collected after the
detector upgrade. Run 3 data consists of ⇠430 hours of
data collected from June 5 to June 29, 2020.

Before the upgrades were complete, we took additional,
uncalibrated data (Run 2), which is not presented here.
A subset of that data was instead used to develop our
data analysis procedure in order to run a blind analysis
on the Run 3 data, as described in detail below.

The total expected axion power, A, coupled into our
readout pickup is related to the axion-induced flux �a as

A ⌘ h|�a|2i = g2
a��⇢DMG2V 2B2

max, (2)

where G is a geometric coupling, V is the magnetic field
volume, Bmax is the maximum value of |B0|, and the an-
gle brackets denote the time average [15, 32]. Run 1 uti-
lized a 4.02 cm diameter pickup loop made from a 1 mm
diameter wire, giving G ⇡ 0.027. In 2019, we replaced
this readout with a 10 cm tall, 5.1 cm diameter supercon-
ducting cylinder pickup centered in the toroid bore. This
consisted of a 150 µm-thick Nb sheet wrapped around
a polytetrafluoroethylene (PTFE) cylinder. This design
yields a stronger geometric coupling to Je↵ of G ⇡ 0.031
and decreases the inductance of the pickup [15]. We com-
pute G using electromagnetic simulations in the COM-
SOL Multiphysics package [31, 33].

To amplify our signal, �a is coupled into the read-
out SQUID through the pickup circuit (see Fig. 1) yield-
ing a transformer gain Min/LT , where Min is the input
coupling to the SQUID, and LT ⌘ Lp + Lin + Lwires is
the total inductance of the pickup circuit, with Lp the

CR LR

Rp

LP Lin

MR

BaBR

Je↵ Lp

Lwires

Lin

�a Min
FFT

Je↵ Lp

Lwires

Lin

�a Min

G
Rf

Mf

FFT

Lin

C

1

Figure 1. Top: Schematic of ABRACADABRA-10 cm show-
ing the e↵ective axion-induced current (blue), sourced by the
toroidal magnetic field, generating a magnetic flux (magenta)
through the pickup cylinder (green) in the toroid bore. Bot-

tom: Simplified schematic of the ABRACADABRA-10 cm
readout (full circuit diagram in Supp. Fig. S1). The pickup
cylinder Lp is inductively coupled to the axion e↵ective cur-
rent Je↵ . The power spectrum of the induced current is read
out through a DC SQUID inductively coupled to the circuit
through Lin. An axion signal would appear as excess power
above the noise floor at a frequency corresponding to the ax-
ion mass.

pickup cylinder inductance, Lin the input inductance of
the SQUID package, and Lwires the parasitic inductance,
dominated by the twisted pair wiring. The SQUID, man-
ufactured by Magnicon [34], is read out using Magnicon’s
XXF-1 SQUID electronics operating in closed feedback
loop mode. The Run 1 sensitivity was limited by par-
asitic inductance in the NbTi wiring of this circuit that
placed a lower limit on LT & 1.6 µH. During the upgrade,
we replaced this wiring, moving the SQUIDs closer to the
detector to reduce the wire length. Based on calibration
data, we found that the total impedance in the circuit is
⇠ 800 nH. Finally, the SQUID was operated at a higher
flux-to-voltage gain setting of 4.3 V/�0 in Run 3, com-
pared to the previous Run 1 which we ran at 1.29V/�0

due to higher levels of environmental noise. This change
does not directly improve the signal gain, but does reduce
system noise. We also improved our noise floor by re-
ducing the operating temperature of the SQUID package
from ⇠870 mK to ⇠450 mK. All together, the upgrade
campaign increased the expected power coupled into our

ABRACADABRA-10cm

team O(10), runs at MIT

CUORE

team O(100), runs at LNGS
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Third Thought: The Data

Traditional 
multi-detector 
system 
experiments

Detectors 
designed for 
specific signals

Axions, Double-Beta Decay, eDMs… Beam dumps,  auxiliary experiments…

Category #1 Category #2
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Third Thought: The Data

Higher data volumes  
High information

Smaller data volumes 
Low information

Axions, Double-Beta Decay, eDMs… Beam dumps,  auxiliary experiments…

Category #1 Category #2



KamNET - Example Category #1

With Prof. Aobo Li (UCSD) and Prof. Chris Grant (BU) Improve the main 
analysis…



TIDMAD - Example Category #1

NeurIPS Spotlight led by Jessica Fry (MIT) with Prof. Aobo Li (UCSD)

Search for non-standard 
signals…
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Pulling these thoughts together

These steps cannot be 
treated independently 
and we need better tools 
for each task and 
integration of these tasks.

Design

Simulation

ConstructionOperation

Analysis

Forward influence

Reverse / revisit
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Current Ecosystem - CUORE/CUPID

ELOG - operations, shifts 
Indico - meetings 
DocDB - archive 
Wiki - organization 
MongoDB - slow monitoring

PgSQL - DAQ 
C++ - DAQ 
ROOT-based Analysis 
Geant4-based Simulation 
Materials database 
CAD drawings  
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Current Ecosystem - ABRACADABRA

ELOG - operations, shifts 
Dropbox - pictures 
DocDB - archive+meeting 
Wiki/Confluence 
Grafana - slow monitoring

C++ - DAQ 
Python-based Analysis 
COMSOL Simulation 
CAD drawings  
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Setting Up An Ecosystem - DarkSNSPD

HEP QuantISED project: 
need to track production 
and characterization of 
devices. 

And Meetings, DAQ, 
COMSOL, Geant4 etc. 
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Summary and Final Thoughts

• Small Experiments provide unique and 
complementary datasets and problems that 
can be explored with AI.
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Summary and Final Thoughts

• Small Experiments allow universities to 
have more leadership and they are well-
equipped to take leadership in small 
projects in this space as well (in fact it is 
critical for them to do so). 
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Summary and Final Thoughts

•Due to their size, increased efficiencies in the design, 
management, operation and analysis of experiments are 
even more critical.  

•Workshops to spread best practices for AI workflows for 
software and experiment design.  

•A modern version of ELOG and DocDB that can be 
interfaced to AI natively.  
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Back-up Story of Dark Matter 
Across Scales
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S. Navas et al. (Particle Data Group), Phys. Rev. D 110, 030001 (2024) 

Current Bounds on WIMP Dark Matter

Push to lower energies
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Theory
Canonical 


Thermal Models

(WIMP)

Time Projection Chambers

1 MeV

Bulk Semiconductor

Quantum Dots

Dirac and other exotic materials

Bulk superconductor *

* SNSPD can work by itself as a superconducting detector.

1keV1eV

Canonical

Athermal Models


(QCD Axion) 


DPHaSE (LAMPOST)

1 GeV

Experiment

Freeze-Out

Freeze-In

Molecular Scintillators

Superfluid Helium
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Dark Matter Candidates

Vector Bosons
(gauge coupling)Scalar Bosons

Vector Bosons
(kinetic mixing)

Particle Mass (eV/c
2
)

10�22 10�18 10�14 10�10 10�6 10�2

Compton Frequency (Hz)

10�8 10�4 100 104 108 1012

Spin Based Sensors

Broadband ReflectorsOptical Interferometers (incl. GW detectors)

Haloscopes (cavity, plasma, dielectric)

Atom Interferometers

LC Oscillators

Qubits

Quantum Materials

Cavity - Cavity/at. & mol. trans. Molecular AbsorptionTorsion Balances

Atomic, Molecular, Nuclear Clocks

Mechanical Resonators

EP Tests (Eöt-Wash + MICROSCOPE)

New Horizons:  
Scalar and Vector Ultralight Dark Matter  
arXiv:2203.14915 
Editors: M. Safronova and S. Singh

And lower …. 


