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The Strong CP Problem
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QCD allows term:

Experimentally: — ρπ  (neutron electric dipole moment)
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The Strong CP Problem ς Axions
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make it a dynamic field: —ᴼὪ ὥὸȠ● [Peccei, Quinn, 1977]

Cosmology: rolldown to CP conserving limit:
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Photons
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(Broadband Reflector Experiment for Axion Detection)

BREAD in a Nutshell

broadband axion detector from µeV (GHz) to eV (Infrared)

[PRL 128 (2022) 131801]
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GigaBREAD: First 10-14 GHz (50µeV) BREAD pilot
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RF Simulation
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Signal vs. Antenna Position

signal suppressed away from focus

on focus

off focus

Introduction First Setup ConclusionFirst Results & Outlook



Reflector Characterization Measurement
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Measured Thermal Noise

see focus & resonances

on focus

off focus
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Broadband DAQ
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~
RF IF

LO

signal bandwidth
(10.7 - 12.5) GHz

Challenge: Real-Time Data Reduction

Nyquist: Min. Sample Rate = 2  Bandwidth

Ḑς '(Ú bandwidth Ą τ '"ȾÓ 

[https:// commons.wikim
edia.org/wiki/ File:Nyqui
st_Aliasing.svg]E
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FFT
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Broadband DAQ
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~
RF IF

LO

signal bandwidth
(10.7 - 12.5) GHz

FFT & 
Averaging
on FPGA
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Negligible Dead Time after >1s on-board averaging

Complex 
data 
Ὅ Ὦὗ

Polyphase 

filter bank
(PFB)

deMUX
and FDM to 

TDM 

16x ~500MHz BW  
overlapping spectra, 

8kHz resolution

Χ FFT
FFT

FFT
Averager

(>1s)

Zynq (OS, 

Python)

Xilinx ZCU111 board (ZU28DR RFSoC)

IF I

IF Q

В
ADC

ADC

based on                             QICK platform:
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First Data Taking Run

Å24 days science data, 
June 16 ς July 17, 2023

ÅUniversity of Chicago 
41° 47' 31.6098", 
-87° осϥ сΦмпмέ

Åsensitive to vertical dark 
photon polarization

Åhorn antenna focal spot 
sweep over every ~ 4hrs

ÅRFI shielded Faraday 
cage:
dish, all RF amplifiers

Åin basement: 
down-conversion, DAQ, 
slow control 
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RF Shielded 
Room

ă to DAQ

~100K Amplifier Chain

Dish

ă to feedthrough
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Result
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ă Blind Injections 
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Result ς Exclusion Limits

Stefan Knirck | Axion Searches 11[limit plot adapted from cajohare.github.io/axionlimits]

[SK et al., arXiv:2310.13891,
PRL 132, 131004 (2024)]
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https://cajohare.github.io/AxionLimits/


4T MRI Magnet @ Argonne National Lab

Stefan Knirck | Axion Searches 12Pictured: Gabe Hoshino, Mira Littmann, Alex Lapuente

first ALPs science run, summer 2024
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Axion-Like Particles ς First Result
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τ 4 MRI magnet at Argonne

Pictured: Derrick Rodriguez, Gabe Hoshino, Andrew Sonnenschein, SK, Ben Knepper, Mira Littmann

[G. Hoshino et al, 
in preparation]

[limit plot adapted
 from cajohare.github.io/axionlimits]

[ƛƪŜƭȅ ǿƻǊƭŘΩǎ ŦƛǊǎǘ ŘƛǎƘ ŀƴǘŜƴƴŀ ![t ǊŜǎǳƭǘΗ
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https://cajohare.github.io/AxionLimits/


Axion-Like Particles ς Possible Upgrades
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3T and 4T

τ 4 MRI magnet at Argonne

2 months, 4K, 9T
(ADMX-EFR magnet)

CAST

A
D

M
X

[limit plot adapted from cajohare.github.io/axionlimits]

Pictured: Derrick Rodriguez, Gabe Hoshino, Andrew Sonnenschein, SK, Ben Knepper, Mira Littmann
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https://cajohare.github.io/AxionLimits/


Outlook: Higher Masses
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Superconducting 
Nanowire Single 
Photon Detector 

(SNSPD)
 from JPL

100nm wide 
nanowires

in 15x15µm SNSPD 
from MIT

will enable cryogenic dark photon search at infrared (eV)

Optical Grade Reflector from LLNL
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Ą See RDC8 on Wed, Christina Wang, Si Xie
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Thank you very much!
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Appendix

Pictured: Ben Knepper



Peccei-Quinn Symmetry Breaking... 
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before inflation: after inflation:

□╪  Ἥἤ □╪ḐⱧἭἤ ἵἭἤ



Axion Mass Predictions
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[from
cajohare.github.io/axionlimits]

https://cajohare.github.io/AxionLimits/


The Resonant Cavity ς High Masses
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FFT

ά

Emitted EM wave

Dish Antenna

22

  low-noise 
    receiver

  high B-field
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[Horns et al, arXiv:1212.2970]
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Sensitivities with Literature Sensors
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10 days

1000 days

1000 days, NEP/100
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Cogenesis

SNSPD/QCDet: NEP DCR, SNR

BREAD

,

1 day, /14

10 days

1000 days

1000 days, NEP/100

Haloscope

Dish

Cosmology Stellar

Gentec
(293 K commercial)

IR Labs
(1.6 K commercial)

SNSPD

KID/TES

QCDet
BREAD

,
SNSPD/QCDet: NEP DCR, SNR

Hidden Photons Axions

[Liu et al, BREAD collab., 
arXiv:2111.12103, PRL 128 (2022) 131801]
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Vision: Large-Scale BREAD

24

possible larger-scale version (!Ḑτ Í ) as side-experiment to ADMX-EFR at Fermilab

ρππÍ+ȟωȢτ4

Stefan Knirck | Axion Searches
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RF Simulation
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║

Coherent Field At Focal Spot

Simulation solving modified axion-Maxwell wave equation
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GigaBREAD: RF Simulation

26

coaxial horn antenna

Ὁ 

e.g.  [Bykov et al, 
DOI:10.1134/S0020441208050126]

[Barros et al, DOI:10.1109/IMOC.2013.6646569]

║
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GigaBREAD: Coaxial Horn
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PCTFE Support

Copper
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GigaBREAD: Preliminary DAQ Tests
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Deadtime: ~0.5s, negligible after many spectra

No. of Spectra

(first 2GHz BW implementation)

Deadtime Real-Time Averager

Averaging working

IF Frequency [MHz]

A
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C
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o
w

e
r/

8
kH

z 
[

m
W

]
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DAQ RFI Rejection Scheme
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common issue: external RFI sources couple into large bandwidth DAQ

~
RF IF

LO
10.6GHz

10.6-12.5GHz 0-2 GHz
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DAQ RFI Rejection Scheme
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intrinsic RFI rejection with negligible impact on sensitivity 

~
RF IF

LO

LO frequency hopping:

(controlled by DAQ board)
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Result ς Injected Signal
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see expected resonant enhancement
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