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The Mass Range of Dark Matter Candidates
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Axion mass range
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Axion Couplings
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General classes of couplings

Axion — Nucleon
Axion — Electron
Axion — Photon

Jayy IS @ process with small model uncertainty

Coupling used for haloscopes

Rate depends on “unification group” (the
particles in the loops), ratio of u/d quark
masses. The U(1) charges at the axion
vertex cancel with little model dependence
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Axion Couplings
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Coupling to axial
Coupling to nucleon EDM _ , electron moment
Coupling to axion _ .
Causes electric dipole nuclear moment  AXioelectric effect,
Coupling to photons moments (EDMs) in Analogous to
nuclei/atoms/ photoelectric effect
molecules Creates spin-

dependent energy
shifts/spin precession
in fermions

Adapted from L. Winslow DPF slide and Y. Kahn, See Graham and Rajendran, Phys.Rev. D88 (2013) 035023
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Types of axion experiments typically fall in three categories

Laboratory Experiments: Lasers (light shining through walls) & 5™ force experiments
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List of dark matter experiments & locations

Deutsches Elektronen-Synchrotron (DESY)

A Any Light Particle Search Il (ALPS II)

A Baby IAX0

9 Consig“o europeo per la ricerca nucleare (CERN) |O Magnetized Disc and Mirror Axion Experiment (MADMAX) |

m Optical Search for QED Vacuum Bifringence, Axions

and Photon Regeneration (0SQAR) :
m CERN Axion Solar Telescope (CAST) . it M Polarizzazione del Vuoto con LASer (PVLAS)

O lnternational Axion Observatory (IAX0) | B (Uest for AXions (QUAX) |

DM in the galactic halo

9 Laboratori Nazionali di Legnaro

2 . 2oe, 9 Laboratori Nazionali del Gran Sasso
S " = XENONIT
6 Massachusetts Institute of Technology (MIT) 9 Laboratori Nazionali di Frascati
B A Broadband/Resonant Approach to Cosmic Axion Detection B (Uest fFor AXions (QUAX)
with an Amplifying B-field Ring Apparatus (ABRACADABRA) O KLoe magnet for Axion SearcH (KLASH)
6 Wright Lab - Yale University
W Haloscope At Yale Sensitive To Axion COM (HAYSTAC) 6 Axion search experiments in Center for Axion and

Precision Physics Researches (CAPP)

6 Deep Underground Science and Engmeenng Laboratory (DUSEL) B CAPP Ultra-Low Temperature Axion Search in Korea (CULTASK)

B Large Underground Xenon (LUX)

6 Center for Experimental Nuclear Physics and Astrophysics (CENPA)
W Axion Dark Matter Experiment (ADMX)

6 Western Australia University
, ™ Oscillating Resonant Group AxioN (ORGAN)
* Axion Longitudinal Plasma HAloscope (ALPHA), Oak Ridge National Laboratory| Crediti: Maura Sandri/Media Inaf

* Taiwan Axion Search Experiment with Haloscope (TASEH) |

|+ Cosmic Axion Spin Precession Experiment (CASPEr), Boston University and Mainz |

Lawrence Livermore National Laborztory  Side credit: Caterina Braggio (GGl workshop training): YouTube video link  /VA'S4
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https://youtu.be/e_3O0nmBaik

Axion Dark Matter Searches: The Axion Haloscope Technique
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exaggerated. A real
signal would hide
beneath the noise in
a single digitization.
An axion detection
requires a very cold
experiment and an
ultra low noise
receiver-chain.

System noise temp.
Ts=Tonys + Tn

Towent ~48 MK @ 1 GHz

B- Field

Frequency

Unknown axion mass

| requires a tunable resonator |

t = Integration time
limited to ~ 100 sec
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Power transfer from axion field to cavity field

Weak coupling

Takes many swings to fully
transfer the wave
amplitude.

Number of swings is
equivalent to cavity
Quality factor (Q).

Narrowband cavity
response - iterative scan
through frequency space.

i i . 73
W Lavrence Livermore National Laboratory *Slide from Aaron Chou (FNAL) NAISE o



ADMX experimental layout

Field Cancellation
Coil

19oeds wuepy

SQUID Amplifier
Package

Y WnijaH pinbr

Dilution Refrigerator

11I0A19SD

Antennas

8 Tesla Magnet

?oeds pjod

Microwave Cavity

Tuning Rods
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Enabling Technology: Microstrip SQUID Ampllfler (MSA)

Voltage biased SQUID loop

Flux-to-Voltage Transducer
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Microstrip SQUID Amplifier (MSA):
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Josephson Parametric Amplifiers (JPAs)

« JPA’s provided by Irfan Siddiqi’s group at UC Berkeley

- a W= %C )
1 &y ] R
i i é' &)/ T—C | ~ L Prof. Irfan Siddic‘];-

Classic example of parametric amplification is a child on a swing

PNAANANN Weignal wWsignal \/\/\/\/\/\

il Y

« Anharmonicity leads to energy transfer — ~ae——m——m——w——wm
from the pump tone to the signal tone.

Transmitted S12 gain power (dB)

High gain achievable at JPA resonance.

W Lavrence ivermoreNatona Labortory *figures courtesy of Shahid Nawaz ~ [VA'SE 12
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Receiver Chain with MSA or a JPA

Injection of swept power & fake axions
Reflection to look at antenna coupling
Hot / Cold load:

Measure system noise temperature by
staring at thermal source with same
microwave path

MSA is a two-port device

JPA operates in reflection mode

First ADMX operations used MSA

Transitioned to using JPAs & TWPA

weak cavity

[

port bypass  Ch1
} U Z>HFET
joad []
O

s

cavity

weak cavity Ch
port bypass output pump

w Lawrence Livermore National Laboratory
LLNL-PRES-849660

MSA signal layout

JPA signal layout NS 13



Modes of operations

20 dBH 0 dB H 0 dB H 3 dB }H 20 dB}

100 mK

Reflection Measurements

-50

-60

-70

Power (dB)

-80

-90

-100

1.00091B 1.000928B 1.00093B 1.00094B

Frequency (MHz)

Gives antenna coupling

Needed to understand how much power comes from cavity

Lawrence Livermore National Laboratory
LLNL-PRES-849660
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Modes of operations

weak port bypass h 1 output pump hot cold load 300 K
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Independent measure of resonance
Also used for synthetic axion injection (RF tones)

Lawrence Livermore National Laboratory Slide from C. Bartram (UW) N A‘S‘?ﬁé 15

LLNL-PRES-849660 r Security Administration



Modes of operations

weak port bypass h 1 output pump hot cold load 300 K

20 dBH 0dB H 0 dB H 3 dB H 20 dB}

100 mK

Data-Taking Mode

* Lowest attenuation on the
output line

+ Highest attenuation on the
input lines

+ Signal path in blue. Weak port
is terminated unless SAG is
being injected.

Maijority of time spent here collecting data
*SAG: Synthetic Axion Generator

Lawrence Livermore National Laboratory
LLNL-PRES-849660
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Modes of operations

weak port bypass ch 1 output
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Fl

Noise Calibration Mode

* Receiver chain provides
means for measuring key RF
parameters, such as quality
factor

* Two types of noise measurement

« 1) Heating of the ‘hot-load’ via dc
current (by design)

« 2) Heating of the quantum amplifier
package via an RF switch

Performed semi-regularly (every few months)

Lawrence Livermore National Laboratory
LLNL-PRES-849660

Slide from C. Bartram (UW) NA!WS"(% 17



_ADMX Run 1C: Tuning & Coupling
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ADMX Gen-2 2018 (run 1B): Example Axion Candidates!

* [nitial scan revealed
2 candidates above
threshold.

« Subsequent rescan
showed that there
was one remaining
candidate.

« Blind-injection team
revealed it was a
synthetic axion
signal injected into
the cavity.

w Lawrence Livermore National Laboratory
LLNL-PRES-849660
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ADMX Run 1C: Persistent Signal at 896.45 MHz!

x10~2!
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Microwave Cavit § 2Bk : = e e :
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Signal had line-shape consistent with axion!
. Power went away off resonance (not RFI)!

Lawrence Livermore National Laboratory N A‘ w
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ADMX Run 1C: Persistent Signal at 896.45 MHz!
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Signal had line-shape consistent with axion! .
Seen in TMy;; mode as well &o

A% Power went away off resonance (not RFI)! . - o
< Fake axion from Blind Injection team"
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ADMX most recent published data covered new dark matter masses

2019-2020 data run Previous ADMX limits Axion Mass 1(6116\/)
Search for "Invisible" Axion Dark Matter in
the 3.3-4.2 ueV Mass Range: 10~10 L
Phys. Rev. Lett. 127, 261803 3
Includes mass range never explored by 1071 | ; ;
any dark matter haloscope search before. j j
L — = ><
[ ' ' 3 a =
Currently scanning with lower 1072 = = s}
noise to reach DFSZ sensitivity 7 =
© z = =
10" L5 o E’ =
= = -
Axion Mass (ueV) g % =
2.6 2.8 3.0 3.2 34 3.6 3.8 4.0 42 — : 2 .
10~ M ES . T
: | realh o —om T
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- ’ i I M | 6—;—._—. ‘
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.127.261803

Previous ADMX limits Axion Mass 1(6ble\/)
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I 5 A %
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I > =
| o s -
- = T e
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Lawrence Livermore National Laboratory
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Quality Factor Enhancement
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" Qoadeq Of cOpper ~ 40k below 4K for 2-4 GHz scale cavities.

= Superconducting cavities can have Q > 100 but become dissipative
in high magnetic fields due to the dissipative flux vortices motion.

= Recent examples of cavities: NbTi in QUAX* and YBCO in CAPP**

12 3 4 5 6 7 8 9
. . Magnetic Field (T)
= Not baseline but, if successful,

could be applied directly as coatings

to cavity inner surfaces to cut run-time

i ZFC Waveform Fit
§ FC Waveform Fit
ZFC VNA-calibrated

and/or increase sensitivity. Gmper /R R — R © s bl
1+L/R O ~— — -
N\ e 3 ‘*,'}, QUAX group (ltaly)
= Current clamshell design allows no Qi . \ N R F --‘L*
required change to mechanical design. =1+ 3 Copper : "ty
q 8 esig QC"””" ( R) L | Thin-film Type-1l | end-caps [ g,
superconductor 4001 A gy
{

(a) QHylgid L/R ) % 2/ 200 i
1 + e S ey e e s e SR HA R
4

i i *10.1103/PhysRevD.99.101101 **arXiv:2103.14515v1 [1] 10.1103/PhysRevD.99.101101
Icfm-r::éz.;:;rmore R Y Y v Y QUAX experiment (NbTi coated cavity)



https://arxiv.org/ct?url=https://dx.doi.org/10.1103/PhysRevD.99.101101&v=23284599

Large Solenoids

The key metric is B2V or stored energy
ADMX is actually quite modest

By2V Magnet | Application/ Field | Bore Energy | Cost
(T2m3) Technology (T) (m) (M) ($mM)

12000 ITER CS Fusion/Sn CICC Cadarache 6400  >500
5300 CMS Detector/Ti SRC CERN 3.8 6 13 2660 >458!
650 Tore Fusion/TiMono  Cadarache 9 1.8 3 600
Supra Ventilated
430 Iseult MRI/Ti SRC CEA 11.75 1 4 338
320 ITER Fusion/Sn CICC JAEA 13 1.1 2 640 >50?
csMcC
290 60 T out HF/HTS CIcC MagLab 42 0.4 1.5 1100
250 Magnex MRI/Mono Minnesota 10.5 0.88 3 286 7.8
190 Magnex MRI/Mono Juelich 9.4 0.9 3 190
70 45 T out HF/Nb;Sn CICC Maglab 14 0.7 1 100 14
12 ADMX Axion/NbTi U Wash 7 0.5 1.1 14 0.4
mono
5 900 MHz ~ NMR/Sn mono Maglab 211 011 0.6 40 15

l ITER: 2.6 m bore x 13
Tesla

Artist View
of CMS Solenoid

125x6.3 m
4T
2.7G)

Lawrence Livermore National Laboratory

LLNL-PRES-849660

Compilation by Mark Bird, NHMFL




ADMX-Extended Frequency Range (ADMX-EFR)

= 18 cavities each instrumented with their own quantum amplifier chain and readout.

= |n-phase amplitude combining digitally at room temperature.

‘ Clandiin: I\; \ m IN |Room-lcmp |
A DN [

SR N
. N Room-temp
‘ Cavity > li } m 1 Receiver/ADC

\ LNF
— Room-temp
Cavity D @ @ b Receiver/ADC

FP-JPA E£=
™)

Takes full advantage of coherence of axion signal relative to incoherent noise

18 x faster scanning than individual cavities

Maximal flexibility, system repeatability and mass production.
9.4 T 800 mm bore MRI magnet being moved to Fermilab

Lawrence Livermore National Laboratory N IS;@‘; 26

LLNL-PRES-849660 tonal Nuclear Security



Overall ADMX-EFR System Layout

Magnetic shield

L Lawrence Livermore National Laboratory
LLNL-PRES-849660



ADMX-EFR Operations: Run Times

10-10 T .
oo CAST Limit
1071 |
7 |
2 0
S 107134 o HAYSTAC
— 455 ABMXN ADMX-
S £ JRunl 28 |prajec CNZ .
= 10-14] ApmX 2 on CouP
10774 I Qco A
P orel
0 /’M “r — Threshold
10-16 /A';MX Objective

106 1075 104

Axion Mass (eV)

total runtime:
3 years

Threshold:
skips mode crossings

Objective:
Includes mode crossings
Increased sensitivity reach

Anticipate 2 year construction
FY25-FY26
Begin 3-year operations in FY27

Enhanced sensitivity / scan rate with
superconducting cavities

L Lawrence Livermore National Laboratory
LLNL-PRES-849660

NYSE 2



The ADMX-VERA (Volume-Enhanced Resonant Axion) Experiment
decouples volume from resonant frequency:

Typically for haloscopes, & ~ V? ~ 1~°
Isometric Top Side
view: | view: o

A
v

Gap width sets TM,4, frequency.

The resonant cavity Gap width is tuned as the wedge
exists between an inner v can be scaled up by increasing moves vertically.

wedge and an outer length and height, keeping the gap

shell. the same. Compatible with solenoid B field.

NS 2

w Lawrence Livermore National Laboratory

L = Slides provided bv Tai Dvson



Frequency [GHz]
1071 100 10

YIHA

Warm | Cold

s fo(GHz) | 74—-8 | 557
10
0 Cosmology - s 7 ) 2.5 6 -
.g 1011 Q 5000 20000
Ts

s (K) | 300 0.4

g 107"
= 10713 LB
9 " S
10~ =
. =
ppm = 0.45 GeV cm™
10_16 1 | | 1 1 LI | T I I 1 1 1 LI | | 1 | | 1 | LI
10-° 10-°
Dark photon mass [eV]

Projected limits for the current warm run
— —and planned cold run, 1 month of uptime.

Graduate student
Sephora Ruppert is
assembling a “triple
wedge” haloscope
using precision
metrology.

Matt Withers and Taj Dyson, graduate
students with the current warm dark
photon haloscope.

Extensions to the design
such as this will make
better use of the full
magnet bore.

L Lawrence Livermore National Laboratory

NS 30
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CAPP program (multiple systems)

Center for Axion and Precision Physics (CAPP) in South Korea

Multiple experimental efforts with new magnets and )
innovations such as superconducting cavities (YBCQ) Pilution Fridge

YBCO superconducting cavity
Demonstrated to 300k (and up)
Phys. Rev. Applied 17, L061005

> 45x10°

40x105-§ * YBCO
: i|_+ Copper

3.5x10° F}

4 :
‘8 3.0x10° Fi !"Mr

i

b D 25x10° |l
%2.0“05;{
81.5x105—§
1.0x10° f
5.0x10%
0.0t | L | | | | L |

0 1 2 3 4 5 6 71 8 O

Multi-cell cavities 12 Tesla System 18 Tesla Magnet aanste FSD

w Lawrence Livermore National Laboratory N A‘S‘zﬁ% 31
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https://journals.aps.org/prapplied/abstract/10.1103/PhysRevApplied.17.L061005

CAPP program (multiple systems)

Recently demonstrated DFSZ sensitivity!
Phys. Rev. Lett. 130, 071002

12-Tesla magnet (10.31 T averaged over cavity)
25 mK base temperature ( system noise temp)

20 MHz scanned in this region
Anticipate scanning 1-2 GHz range in 2023

Center for
Axion and Precision
Physics Research

Frequency (GHz)
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1.09 1.11
Frequency (GHz)
Image rejection mixer 1.2k T 97 08 99 L0 =L
(IF=10.7 MHz) e : >
amplifier ¥ o b T Ll b ke i (| | [Ny DFSZ.
= Yy 5
i o ~N % 4r--
DAQPCwith £ 82 e _ S 3
afastdigitizer & g 7;1 NO1r =
RBW=T0H) & § £ A £ 5 .
Xy = .
= M, (ueV)
B
Signal 1 % = 1.0
generator o &
9 &
BN %
>
|H§ Microwave -
resonant
n\gt}\?vtgrrk cavity 0.9
| .
analyzer This Work
4.52 4.54 4.56 4.58
myg (peV)

Lawrence Livermore National Laboratory
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.130.071002

CAPP program (multiple systems)

34 Generation Cavity using EuBCO Tapes

1.50€407 Q ~1.3e7 @ 8
5 \
©
©
W
d 1.00E+07
& g
TMO11 (5.6 GHz)
5.00E+06
«Loaded - Unloaded
Transition
avity. ma‘dﬁﬂaﬁ CO ta pes ° 0.00E+00
wi‘ additional\pinning centers P R
r Magnetic Field (T)
Ramping Rate (0.002 T/min)
2022-10-06 Danho Ahn / CAPP-PACE 33

2.50E+07

2.00E+07

T~ 50 mK (when ramping stopped)

T~ 150 mK (during ramping)

w/o magnet ramping

TMO10 (5.4 GHz) Rsow ™ 344e50h

Q ~ 13M demonstrated at 8 T!!!

Planning to build 36-liter cavity for 12-T system

Frequency [GHZ]
10° 10" )
CAST
g
....... DFSZ
10

Mass [eV]

CAPP results in red. Multiple experiments
planned over next decade.

Director Yannis Semertzidis presenting
at GGI Conference next week

Lawrence Livermore National Laboratory
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TASEH: Taiwan Axion Search Experiment with Haloscope

First results out last year | Future: Developing conical shell cavity system
PHYS. REV. D 106, 052002 (2022) for higher frequencies (inspired by C. Kuo)

Design model (assisted by HFSS simulation)

/4 Choke

Gap d for
tuning

Cavity space

and magnet in NCU

Outer cone

Bluefors DR: foro ~c/2w
+ base: 27 mK baltange

Inner cone
AMI magnet: half-angle 0
« field:8T

e bore: 6.8 mm

Targeting 4.75 GHz
223 MHz tunable range for 24 mm travel

- Lewrence Livermore National Laboratory Slide credit: Yung-Fu Chen (UCLA DM 2023) NS 34



TASEH: Taiwan Axion Search Experiment with Haloscope

First results out last year

Ma [HeV]
PHYS. REV. D 106, 052002 (2022)

15 20 25 3(
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C 2 [ r 1 ] 3 j
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1 > s 1 DMX UF  RBF i
T = o E KSVZ J E il /
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(O] C I R SR S N S il il N AN NN S BT R W (O] / TASEH
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|
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THE UNIVERSITY OF

ORGAN: Oscillating Resonant Group AxioN Experiment % WESTERN

%as? AUSTRALIA
Exploring new cavity geometries and modes \_j:bjﬁ‘ @H,j {Htﬂzj
with sapphire disks.
-1l

Initial experiment aimed at 26-27 GHz.
Ultimate goal is to search 60-200 microeV

CAST |
Phase 1

* targeted 1 GHz scans “month(s) scale
* TMO010 tuning rod

* HFET Amps

Phase 2

* wider scans with enhanced sensitivity,
broken into 5 GHz chunks, ~year scale

* Novel resonators / better Q

* Better Amps / Readout

Axion- photon coupling, Gy (V')

1.%10° 3 1. %104
Axion Mass (eV)

W Lawrence Livermore National Laboratory Slide adapted from Ben McAllister (UCLA DM 2023) NYSE 3
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THE UNIVERSITY OF

N WESTERN
%ams? AUSTRALIA

ORGAN: Oscillating Resonant Group AxioN Experiment

Exploring new cavity geometries and modes : : . —
with sapphire disks. '

Initial experiment aimed at 26-27 GHz.
Ultimate goal is to search 60-200 microeV

Phase 1

* targeted 1 GHz scans “month(s) scale
* TMO010 tuning rod

* HFET Amps

Phase 2

* wider scans with enhanced sensitivity,
broken into 5 GHz chunks, ~year scale : . N - T .

* Novel resonators / better Q 20 30 40 50

« Better Amps / Readout Frequency (GHz)

‘ Lawrence Livermore National Laboratory Slide adapted from Ben McAllister (UCLA DM 2023) NS 37
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ALPHA: Axion Longitudinal Plasma Haloscope

Concept: Instead of a closed cavity use a grid of wires as a metamaterial

M. Lawson et al., PRL 123 (2019) 14, 141802 S110
N1L
[P B 1o E/Emax L_;',10‘5
2
VA d 0.8 %
bl o -t o 0.6 &
0.4 s
] 2
= Cl Ar=10r= i o2 E
i Lo s
i\n" R
B @& @ ® @ @ @ & =
e ® e 000 @@ o
e e e e o0 e@ o
t,ﬁ " & @ ® ® ® ® ® E‘
e 6 @ @ @ ® ® & g
IRIEI 1 X B o 0 @ @ @ & E0EK
alfniEnisn s e e s e e EE
110101 1 Nl o AN

' A. Millar et al., PRD 107 (2023) 5, 055013
R. Balafendiev et al., PRB 106, 075106 (2022).
M.Wooten et al., Annalen der Physik (2022) 00479.

See previous talk today by Rustam Balafendiev

N

w
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w
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N
o
T

Available range of tuning, %
w
(%]

30 % —ac02 ©® @
— r/a=0.15 _._‘ ........... —
257 — ra=01 —0
rfa = 0.05 —o 3
1
20 . . . : : : :
1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0

b/a

w Lawrence Livermore National Laboratory Sl |de ad apted from A
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.141802

ALPHA: Axion Longitudinal Plasma Haloscope

Concept: Instead of a closed cavity use a grid of wires as a metamate%i.
ion frequency v,

GH
M. Lawson et al., PRL 123 (2019) 14, 141802 [GHz]
10° 1 10 10°
ALPHA PHASE | | E
e 2 years run I I
e (5- 40) GHz 102l HALOSCOPES i i
e HEMT amplifiers = T -
e Single scan o -
ALPHA PHASE I > 10 ALPHA E
° 2 years run §. i LA I |
e (5-45) GHz 0 - KSVZ —-
. O 1k PHASE I -
* Quantum limited - DFSZ —
¢ Slngle sean - | Buschmann (2021)
107" E
Q~104B~10T, V=03m? = S ——
( ) 107° 107° 10~

See previous talk today by Rustam Balafendiev

Axion mass my [eV/cz]

w Lawrence Livermore National Laboratory
LLNL-PRES-849660
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.141802

Challenge for higher frequency Haloscopes: Quantum limit

T, > TSQL where kBTSQL = hv

0.5 2.1 24
5 20.7 240
20 82.8 960

The SQL can be evaded by:
@  Squeezed-vacuum state receiver (e.g., LIGO)
@  HAYSTAC currently in the process of implementing

@  Single-photon detectors (e.g. qubits, bolometers)

w Lawrence Livermore National Laboratory
LLNL-PRES-849660




HAYSTAC experiment

Results:
Josephson Parametric Amplifier 3 " AL 1. B. M. Brubaker et al., First Results from a Microwave Cavity Axion Search at 24 ueV,
e e He/ H_e Dilution arXiv:1610.02580; Phys. Rev. Lett. 118 061302 (2017)
Refrigerator 2. L. Zhong et al., Results from phase 1 of the HAYSTAC microwave cavity axion experiment,

arXiv:1803.03690; Phys. Rev. D 97 092001 (2018)
Design details:
1. S. Al Kenany et al., Design and operational experience of a microwave cavity axion
detector for the 20-100 ueV range, arXiv:1611.07123; Nucl. Instrum. Meth. A 854 11 (2017)
Squeezing demonstration:
1. M. Malnou et al., Squeezed vacuum used to accelerate the search for a

weak classical signal, arXiv:1809.06470; Phys. Rev. X 9, 021023 (2019)

Frequency (GHz) v
7 5.70 5.72 5.74 5.76 5.78 5.80
M T M T M T N T M T M T
102
6 i 1
% 10
o5 |F 0
3 >
O 4t & 10
© 10
523 -
o This work
2 -
=t Ll B e e
. . . N R Y S ."
9.4 Tesla magnet with 2-liter cavity 0 236 237 238 23.9 24.0
mg (ueV)
Lawrence Livermore National Laboratory \/ :fé 41
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https://arxiv.org/abs/1610.02580
https://doi.org/10.1103/PhysRevLett.118.061302
https://arxiv.org/abs/1803.03690
https://arxiv.org/ct?url=https%3A%2F%2Fdx.doi.org%2F10.1103%2FPhysRevD.97.092001&v=afbe35a2
https://arxiv.org/abs/1611.07123
https://doi.org/10.1016/j.nima.2017.02.012
https://arxiv.org/abs/1809.06470
https://doi.org/10.1103/PhysRevX.9.021023

Squeezing the vacuum (HAYSTAC group)

Squeezed Vacuum Used to Accelerate the Search for a Weak Classical Signal

M. Malnou,'*"" D. A. Palken,"*" B. M. Brubaker,'” Leila R. Vale,> Gene C. Hilton,® and K. W. Lehnert'?
'JILA, National Institute of Standards and Technolo gy and the University of Colorado,
Boulder, Colorado 80309, USA
2De[)arlmenl of Physics, University of Colorado, Boulder, Colorado 80309, USA
3National Institute of Standards and Technology, Boulder, Colorado 80305, USA

1
a 15 | (a) _ =
= | 0 ER Ty
L g 101 50 kHz — Ol N Ty,
(b) (c) g é
¢ (d) Q 3
- K © 5 = ~ -
Y hail Z S 001k, e
7 Squeezing applied | \Gi S _ Signal visibility
@ X Signal + Noise % (normal Vs
N a¥ squeezed) I
(e) (f) (2) -5 0.001
¢ w/2m 0 10 20
w/K
No Squeezing applied Signal over background 1 MHz from cavity
Figures from Phys. Rev. X 9, 021023 Demonstrated axion search. Factor of 2 in scan rate!
— Published 3 May 2019 New Results: https://arxiv.org/pdf/2301.09721.pdf
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Squeezing the vacuum (HAYSTAC group)

U 2
2) b) =10
2.5
- 101
N 204-g:d-Han
QD? f 100
=15
= L1011
1.0
L <107

4.17 4.46 4.48 4.50 4.52

v, [GHz]
3.6
102.
101.
N
>
5 ? v QOT 100 + KSVZ
ikl | 3
/ Squeezing applied ! om\i 910_1 DFSZ

Sl‘ syet: Ll + Noise s ADMX [ RBF N UF [ CAPP B TASEH

B CAPP-CAST I HAY. P1 Il HAY. P2a B HAY. P2b
107 5 10 15 20 25
4+_' ‘+_' ‘+* mac? [ueV]
New Results: https://arxiv.org/pdf/2301.09721.pdf

No Squeezing applied

Fig“rsls_ f:lorg :?\}I’S- §g¥§x 9, 021023 Paper on 2-mode squeezing (> 15 times increase)
~ Fublished s May CEASEFIRE: https://arxiv.org/pdf/2107.04147.pdf
L Lawrence Livermore National Laboratory NA‘S&% 43
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Photon Counting

Phasor N
representation P
of wave
) <A .
oscillator .
4 \ % h= quantum of phase space
<(1|P|a> """"""""""" " R T area.
=|atsinO

Simultaneous measurement
of wave amplitude and phase
gives irreducible zero-point

0 noise in measurement.
(C.Caves, 1982)

Photon counting led to Serge <_°‘|X|°‘> X
Haroche 2012 Nobel prize =|ajcosd

{irs:oal L B A7

3
Rydberg® | "

“atoms a*
5 il
Free from Electron
Strong magnetic field magnetic field  detector

Initial attempt made using
Rydberg Atoms in the late Vs

1990s (CARRACK) s
Updated version being NS B \\ =

investigated by Yale
(Reina Maruyama)

(aPlay
=|osin®

(ofX]or)
=|a|cosO,

Phase space area is still
¥h but is squeezed in
radial (amplitude)
direction. Phase of
wave is randomized.

Lawrence Livermore National Laboratory
LLNL-PRES-849660

Figure adapted from Aaron Chou @ FNAL
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Transmon Qubits

Transmon Qubit — single cooper
pair box shunted with capacitor

Can tune the qubit frequency with
flux through SQUID

| H_

g
|
! microwave
readout cavity

feed line

qubit {transmon)

Example of device fabricated at U.
of Chicago (Heising-Simons
funded R&D)

260 nn \I

(@)

Readout

(b)

Qubit Excited State Probability

1.0

0.5~

n%2 n

1 n=0

Storage

P —

2x

4.746

4.748
Frequency (GHz)

4.750

]

Dark-Photon Search

o(no-magnet) ,

-6 -3
-4 gigltliirction'
CMB (2)
m,yf (GHZ) i
-8+ 6.000 6.011 6.022 | = <
- &)
<
I -
b l I Qubit based
12t & -11 photon counting |
=
-151 €>1.68x10"5 excluded with
90% confidence at 6.011 GHz - -
16t 24.81 24.86 24.91 7 _ .
My (neV) - e S eraton
14 40 6 T2
10g10 [mvr/eV]

L
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Lawrence Livermore National Laboratory Searching for Dark Matter with a Superconducting Qubit: PRL 126, 141302 (2021)
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Potential Scan Rate Speedup

Below are some estimates on relative to physical temperature for different frequencies

*Accelerating dark-matter axion searches
with quantum measurement technology,
arXiv:1607.02529v2, 19 July 2016

Shot noise limit
Need at least 3 photons for detection

ADMX at 10 GHz produces ~ tens a minute.

If we can get heat loads on ADMX DR down
to <120 uW temp can go below 50 mK

4

10

10°

o —

50 mK achievable

in ADMX with

modest heat-load

reduction

S e
Sy
-

10 GHz :

7 GHz h

5 GHz i
SPD win
Linear

amps win =

-
~ -
-
-
-
~ -

=9

i | L ) L ! L
10>  Current operating 10

T [mK] ADMXtemp

w Lawrence Livermore National Laboratory
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Axion-Induced Radiation from Conducting Surface in Magnetic Field

= Axions interact with a static magnetic field
producing an oscillating parallel electric field
in free space

T 4l —

= 7
. o | = | | i |
= A conducting surface in this field emits a ?gg é Lo .\@lul Emitted
plane wave perpendicular to surface. 2 2 v vy wave

E.(t)

\\\

B

= Radiated power is low:

2

2 A By PDM Layy 2 (1 peV 2 “Dish Antenna”
P =8.27-10""W-( )( ) ( J ( Bay )
o 10 m2/\10 Tesla) \0.3 GeV/cm?)\3.92-10-16 GeV-1] \ m,

Horns, Jaeckel,
Lindner,
Lobanov,

. . . Redondo &
* No detector tuning is required. Ringwald, 2012

w Lawrence Livermore National Laboratory N IS&S‘% 47
LLNL-P! National Nuclear Security Administration
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Open resonator design with dipole magnet

Orpheus Project (UW)

Open resonator would usually not couple to axion field
(positive and negative E-fields cancel).

Manipulating modes with dielectrics or alternating the
magnetic field leads to a net axion coupling.

Resonant Mode In Periodic Dielectric Loaded Waveguige

) —

4\

Y drection (unnormalized)

Field

4 '/\. / \\. // \\ )/\
}' \

\l‘ |
V

f

\ f'{
V

\

= TE019

\

\ /

\g f)
V

\

\ |
\l

6 8

Position (am)

Axion Coupling |gayy | (GeV™")

HEISING - SIMONS
FOUNDATION

(T

,‘ys

68

H-S Design Target
(4K, 1T Field)

QCD Axion Dark Matter s

70 72 74 76 78
Axion Mass (peV)
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MADMAX: Magnetized Disc and Mirror Axion experiment

Weak signal power at single interface boosted T T T T T T T T T T T T T T B.
using a tunable stack of dielectric plates — -
Aims to probe 40-400 peV range (10-100 GHz)

10 T field & ~80 disks

Currently in prototype phase with CERN dipole magnet

Mirror (not visible)

9 T dipole magnet

Cryostat (4 K . ) L . . ) .
y @R Horn antenna Mirror Dielectric Disks Receiver

& receiver system

_ o Be
P/A=22x10"2"Wm? (10T> Co? -

Separate cryogenic [3°: power emitted by booster / power emitted by single mirror (e = o)
volume

Booster: 80 adjustable dielectric disks (@1.25 m)
Focusing mirror

L Lawrence Livermore National Laboratory Slide adapted from Chang Lee (UCLA DM 2023) Ngg%i% 49
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MADMAX: Magnetized Disc and Mirror Axion experiment

Boost factor validated ~ 700

CB-100 (Closed-Booster 100 mm)
Initial test run in Morpurgo magnet at CERN (1.6 T)

Teys ~ 200 K < planning to upgrade with 4K system

-8

room temperature, Tsys 200 K,
SNR=5, 48 min measurement

Morpurgo 2023
projected sensitivity

CAST

ZNyHep 05 021) 184 4 disks, 11K, 1.6 T

Preliminary

KSVZ QCD axion

DFSz

77.5 78.0 78.5 79.0 79.5 80
Axion mass [ueV]

g_
fi

w Lawrence Livermore National Laboratory
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MADMAX: Overall plans

+ Ultimate plans aim to construct 9T
1.35 m diameter dipole at DESY.

* Prototyping Phase now

 Ultimately construction &
commissioning ~ 2028.

T
>
Design Phase Prototyping Phase Construction Phase S
S
I I I I I I /ml I I I I I »
2
Foundation of First ALP measure-
MADMAX ment at CERN
Collaboration
o i First physics data takin
EP) First endorsement Prototype commissioning e g Cavity
by DESY PRC Pt — atcold @ CERN  yj|size MADMAX .
QIPEEEIN o experiments Full MADMAX starting from > 2028
; _ magnet commissioning
Installation at DESY _16 n L L L

Usage of MORPURGO magnet approved

-6 -5 -4 -3 -2
by CERN Research Board for 2021-2025

arXiv:2003.10894  logmy[eV]
21/22

Lawrence Livermore National Laboratory Slide adapted from Chang Lee (UCLA DM 2023) ,NWMA!WM:?% 51
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BREAD: Broadband Experiment for Axion Detection

+ Fermilab led dish antenna concept with a twist.
» Uses cylindrical mirror in a solenoid and an

internal parabolic mirror to focus axion signal

onto a single detector area.

photon
__detector

2V2 R

L Lawrence Livermore National Laboratory
LLNL-PRES-849660

+§fg.)

Pursuing various detection strateqgies

Heterodyne

high resolution

Standard Quantum
Limit (SQL):
kB Thoise = hf

3olometer

Power P

Resistive
Thermometer

Thermal Mass
Heat Capacity C
Temparature T

Thermal
Conductance G

7.

Thermal Reservoir

NEP ~ 102° W /VHz

Single Photon Counting

e.g., nanowire detectors

SNSPDs, KIDs, QCDs, ...

down to ~ 1 photon/day

Fig.: Sae Woo Nam (NIST)

Slide adapted from Andrew Sonnenschein (UCLA DM 2023) /NA'S&

urty Administration
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Proof of Concept Experiments: GigaBREAD and InfraBREAD

GigaBREAD: 10-20 GHz experiment InfraBREAD: 300 THz experiment
with HEMT amplifier (~1 micron) with Superconducting
Nanowire Detectors (SNSPDs)

Horn
Antenna
with
Axial
position
adjustment

SNSPD @ 800 mK

400 mm diameter
Coaxial Dish

Room
temperature

w Lawrence Livermore National Laboratory N A‘S&" 53
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BREAD: Sensitivity projections

[ i |

I T T N I |

10_9 g] ] ] ] L :
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: paloscoPes || [
> N < Hal
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& 107t
< .
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e
0_16 1 | | LI | I

- ) I ] ]

lda
L 2O }room temp
year

-

1 year, 4K, 9T
(ADMX-EFR magnet)

preliminary

4 T MRI magnet at Argonne
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BREAD: Sensitivity projections

Dark Photons Axions
v [1'Hz v [1I'Hz]
0.001  0.01 0.1 1 10 100 1000 s 0.001  0.01 0.1 1 10 100 1000
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10 ? Cosmology ‘ (I1§ch-oﬁnl1)erscian Stellar? — ; o E
10710 E A = ! L 2 S
-1 b O ——— 5 > 1070 dogene?®” :
1012 b R O w2k o]

“13 L 3 — :
107 [ Haloscope e I & 10-1 |- Haloscope BREAD
10 E KID/TES — — 1 = » o B — 10T ]

e \ - = U E 3 =75, €40 = 0.5 E
107 BREAD Qche gNSPD : \l\%ﬂ'lr SNR = 5, €45 = 0 :
o1k S 0 p .

17 F —05 —— 1day, Agsn/14 === 1000 days 3 E "/ —_— E
10717 3 SNR* 67“ ... ~=——10days — == 1000 days, NEP/100 § " / 0?1 srrmocom e oo o 25 | -—- 10100 days, NET’/1OO ]

—18 Ll Ll Ll Ll Ll Ll L 107 L1 T = VB R Lol Lo Lo Lo
0 0.001  0.01 0.1 1 10 100 1000 0.001  0.01 0.1 1 10 100 1000
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[Liu et al, BREAD collab.,
arXiv:2111.12103, PRL 128 (2022) 131801]
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Going to lower masses (100-600 MHz): ADMX Reentrant Cavity

Recent paper: https://arxiv.org/pdf/2303.07116.pdf
Design led by U. of Florida group o

200

Electric Field (a.u.)

100

0.1 0.15 0.2 0.25 03

d(m)

Frequency shift vs insertion

035

——Simulated

® Measured

04

L Lawrence Livermore National Laboratory
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Going to lower masses (100-600 MHz): ADMX Reentrant Cavity

Recent paper: https://arxiv.org/pdf/2303.07116.pdf

Design led by U. of Florida group
@ r=70mm
1 07 | ®@r=100mm '.
@ r=130mm e
0.6 °
05 L
H
/; O o4
)
% 03
= o
é 02
3 o8
&=
01 >
- L
0 e000 © © oo ©
0 100 200 300 400 500 600

f(MHz)

Form Factor drops at low frequency
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Going to lower masses (< 1 peV): ADMX LC Circuit

. - 8
Ja= -yBoga
B,

4 6 8 10
2 10 10 10 10" v (Hz)
;é @ % TTTI T 1T T T T T Ty T TTITm T T TTIf
g e Tokyo heliosq
= E
wﬁ 10.10 EE CAST HB stars
3
SQUID -
10-14;_
Proposal for Axion Dark Matter Detection Using an LC Circuit E
PRL 112, 131301 (2014) =
® 0. a e
— a F
a E
P =85 b s
Axion Mass m p (neV)
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10-10
101
- 107 CAST prvonnl vl v veoonl vl vl el ol
5 013 DFSZ — -10 -8 -6 -4 vV
g prsz 10 10 10 10 m,(eV)
f; 1014 90% Limit without RFI estimated ——————
8 015 0% Limit, RFI Limit - s ADMX SLIC: Results from a Superconducting LC Circuit Investigating Cold
Axions
10-16 N. Crisosto, P. Sikivie, N. S. Sullivan, D. B. Tanner, J. Yang, and G. Rybka
Phys. Rev. Lett. 124, 241101 — Published 17 June 2020
-17
e 422 424 06 028 430 432 434
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ABRACADABRA Experiment
A Broadband/Resonant Approach to Cosmic Axion Detection with an Amplifying B-field Ring Apparatus
10° . : : : : : : : — . :
Theory: Experiment:  107| i i LS

Prototype specs:

9|
@ Rin=3cm, Rou=6cm, 7 =12 cm, 1(_)
\ (“ / V=680 cm®, Bmax =1 T, G = 0.085

Toroidal geometry for
zero-field detection

Telescopes

Helioscopes (CAST)

ABRACADABRA

"""""" ForizontaBranchStars™ /57 = =~ o1

SN1987A
gammas

l9.0,| (GeV)
=
o
,
&

Y

Haloscopes
(ADMX and Others)

107 10° 10° 10 107 102 107 10° 10!
Axion Mass (eV)
Interchangeable readout:
broadband (low freq.) or
resonant (high freq.)

First Results
2019: Phys. Rev. Lett. 122, 121802

Original Concept Paper: )
Yoni Kahn, Ben Safdi, Jesse Thaler, P

Phys. Rev. Lett. 117, 141801 C S‘alemi 2t MIT

2021: Phys. Rev. Lett. 127, 081801

w Lawrence Livermore National Laboratory *fi gures from Yoni Kahn N A‘ 2{% 59
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.117.141801
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.121802
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.127.081801

DMRadio (recent combined with ABRACADABRA Group)

DMRadio-50L v, [Hz]
- 5kHz-5MHz 10° 10* 107 108 10°
} —oC T T T T
Quantum Sensor testbed 10 |, sHArT M casT 4
Fid
—12L S
. 10 O‘v ) }
T i "{T“i}ﬁ
% o
g 10—15 1' ;
- =
s
(=)
10—18
10—21 ‘ R i %o g e i o vprogl L1 4 pungl i e o riml R ETIT|
10071 107 1077 1078 1077 107 107°
myg [eV]
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DMRadio (recent combined with ABRACADABRA Group)

DMRadio-50L v, [Hz]

- 5kHz-5MHz 10° 10t 10 10° 107 108 10°
- Quantum Sensor testbed 10~9F 'SHAFT o /IXST | £
DMRadio-m3 (DOE DMNI) &

- PRD 106 (2022): 103008 10~ 12} Jio-H0L F

- Primary goal: = DMBR& S

- DFSZ 30MHz — 200 MHz >

- Secondary Goal O, 10~ 151

- KSVZ down to 10 MHz

- Extended Goal:
- QCD axion band to 5 MHz

Garyy

10—18_

10—21.. i o eugl i u o v gl TR 4o il P o 5w pvig ; ETIT
10711 10710 1077 1078 1077 107F 107°
Mg [eV]
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DMRadio (recent combined with ABRACADABRA Group)

DMRadio-50L v, [Hz]
- 5kHz-5MHz 103 10* 10° 106 107 108 10°

- — O e
Quantum Sensor testbed 10 MFT -

DMRadio-m3 (DOE DMNI)
- PRD 106 (2022): 103008 10~121 1 o-H0L
- Primary goal: D

- DFSZ 30MHz - 200 MHz
- Secondary Goal O, 10151
- KSVZ down to 10 MHz

- Extended Goal:

- QCD axion band to 5 MHz

=

GeV

ga"}/’)/

10—18_

DMRadio-GUT

- PRD 106 (2022): 112003 e

- DFSZ 100 kHz — 30 MHz 0759 {5 109 105 107 10° 10"
- Next Gen Detector mg [eV]

W Lewrence Livermore National Laboratory Slide credit: Maria Simanovskaia (UCLA DM 2023) NS4 62
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DMRadio-50L: under construction at Stanford

P368
313

[663.18]
26.1

Working on the dilution
refrigerator in the lab.

DMRadio-50L cryosystem CAD model.

(e

e
///4/‘/,,///,//////1,,/;,,11rl,,,,l 2
XY 4

$250
) .m..........-.-.....,...

CAD models.

Detector and receiver

-
£

Lawrence Livermore National Laboratory

o s Slide credit: Maria Simanovskaia (UCLA DM 2023)

NS4
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DMRadio-m3: design to be completed in 2024

Bucking Coil ” —_— =24
Shielded Box 5 !
2.0 Necking = 10°
2 102 — —
8 —
. ch 10" < 0 | ©
£ § 100 T
g % 3 cie
'é 107! i i |
2 150 200
A 10712
E < 0 e
9 t> © (SR
.Q_%. 10—16
5
_0.5F oy Pickup ' 1 = 10718 [ Primary and Secondary Science Goals
Main Magnet Coils/ » | Extended Clioal | |
~10 —05 00 05 10 1075 50 100 150 200
Radial Dimension [m] Frequency [MHz]
Coaxial cross section overlaid with Predicted scan rate and sensitivity
simulation of the magnetic field. across frequency range of interest.

Lawrence Livermore National Laboratory Slide credit: Maria Simanovskaia (UCLA DM 2023) /NA'SE 64
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DARK MATTER RADI(

DMRadio program schedule

ABRA /DMRadio ABRA-10cm  ABRA-10cm DMRadio-GUT
proposals 1st results 2nd results design

ABRA-10cm ABRA-10cm
construction upgrades

DMRadio-50L design DMRadio-50L

and construction running
DMRadio-pathfinder DMRaio-m3 DMRad#o-m3 DMRadio-m3
design and construction designl construql:tion running

>
16\6 @Q’\CO Q’Q'\/‘ rLQ'\% @Q\g QS{LQ rLQQ"\ rLQrLrL @Q(Lrb @Q(Lb‘ @0@6 rLQ(LQ) @qu ,LQ'L% ,LQ"LQ

L Lovrenc Lvemors Nationai Labratry Slide credit: Maria Simanovskaia (UCLA DM 2023)  INA'S& 65
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Very low mass axions (neV) NMR based experiment: CASPEr

o —
8 Coupling to electromagnetic field

a v

_GGWGM <4 Coupling to gluon field
CASPEr Electric

Budker D, et al. Phys. Rev. X4:021030 (2014)

0,a ~
;a Uiy 50 == Coupling to fermions

CASPEr Wind

Graham PW, Rajendran S. Phys. Rev. D88:035023 (2013)

w Lawrence Livermore National Laboratory *slides adapted from Derek Kimball N Sﬁ{é‘g 66
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CASPEr program

gigmgtgn frggggngv
uHz mHz Hz kHz MHz GHz THz .
BOStOI’l UniverSity t | astrophysical bounds ‘ I Malnz )
CASPEr-electric using spins in solids < CASPEr—grgdlen’_t using
— sensitive to both HEpM = gaaE™ - I/I :g CASPEr hyperpolarized liquids
Honn = gannVa - I o < — sensitive to HoNN = gannVa - 1
a - a =
scale

102t 10'® 10 10" 10° 10° 103
axion mass (eV)

Janos Adam Hendrik Bekker & ©

Stephen Kuenstner  Arne Wickenbrock ! HEISING - SIMONS ®

Glenn Randall Yuzhe Zhang FOUNDATION

Andrew Winter John Blanchard S I‘ M[ ONS

. . . FOUNDATION A A

Tanja Maric Deniz Aybas E-Bd=r
GORDON AND BETTY Deutsche
MOORE Alfred P. Sloan e TS e
FOUNDATION FOUNDATION DFG

Lawrence Livermore National Laboratory Dmitry Budker, Peter Graham, Derek Kimball, Surjeet Rajendran, Alex Sushkov. Slide adapted from Alex Sushkov UCLA DM 2023 NA‘S;{»% 67
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frequency (Hz)

CAS P E r=- E I eCt ri c o 2 10° 10° 10%° 102 104

1073

a N . . £ :

—G WG/W s Coupling to gluon field 3 AR & ADMX oD Axion

fa = 10“5: ‘ >ph‘usc‘l

phase 2
10-20:
ﬁ — 1(;-“ I 1ol-'2 I 1ol-1° I 101-g l 1ol* 10I-4 10I-z 10°
BBE B -
SQUID
o ||| BBR
loop
Larmor frequency = axion Compton frequency
- resonant enhancement.
W Lavrence ivermore Natona Laboratory *slides adapted from Derek Kimball /NAYS< 68



frequency (Hz)

H 10 10 106 108 10%° 1012 101
ASPEr-Wind
CAS
10710 : gl
Hind = gaNNVa - ON . Coupling to axion gradient :3 F  saees = ADMX_ e Axion
2 1015+ phase 1 4
! phase 2
1072 : 4
T : 1 1 1 1 1 1 1 1 1 1
,‘l’ — 1074 10-12 10710 1078 107¢ 107 1072 10°
BB =
SQUID y . Frle;uency (Hz) R y N
piCkUp 88 8 ot SN1987A
10710 A CASPEr-Wind-HF
| ee® R
S i &
&
Aon wind” 7, ¢ |

Larmor frequency = axion Compton frequency

QCD Axion

-> resonant enhancement.

10-10

1078 1076 1074

ALP mass (eV)

L Lawrence Livermore National Laboratory
LLNL-PRES-849660

*slides adapted from Derek Kimball /NVAYSE
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. Similar strategy for high mass axions (QUAX experiment)

= Look for an axion “wind” which acts as an effective RF magnetic field on electron spin via electron-axion coupling

= This axion induced RF excites magnetic transition in a magnetized sample (Larmor frequency) and produces a detectable signal

9

<
= The QUAX (QUest for AX|on) experiment The effective magnetic field (\D_, o
associated with the axion wind %;;
. — 12 E
el ‘Microwave 8 p| N ah E
oo < Detector | Ba = myvg z
..... > — 2e\ m c
————— > a

Microwave cavity

Wind
i m
n Magnetized sample B S 10_22 ( a ) T,

200 eV ,.
e R. Barbieri et aI., 5€archingfor ga/actic axions s 1045;". B TR T S B R
through magnetized media: The QUAX proposal | @q 3 mg CHz Axion Mass m, (eV)
PhyS Dark Univ. 15,135-141 (2017) 2T o 200 uev 4 Phys. Rev. D 99, 101101(R)

Published 1 May 2019

‘Nuciear Security Administration
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Summary

* Axions solve the strong-CP problem 10°°
and make a natural Cold Dark Matter 1077 —
candidate 107° T —
« Dark Matter Detection techniques 107 -
primarily rely on detection of a o 1071 e - - e
coherent signal |> 10-H £ :‘ :
« Current experiments are L 107" ad
o &
already near to (or beginning — 10
to evade) the quantum limit & 107
60 1015
*  Exciting experimental 1075
prospects and leveraging of 10717
quantum enabled technology 10-18
o . . . 10—19
zz:elg :Zel :(e);:)l: EZ‘:‘GJZ ri\o;\z:: ° 1073070 0100400 0 M e A A8 A 48 48 4P 48 1
space) high over the next decade! mg [eV]
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Thank you

ADMX Collaboration

This work was supported by the U.S. Department of Energy through Grants No DE-SC0009800, No. DE-SC0009723, No. DE-SC0010296,
No. DE-SC0010280, No. DE-SC0011665, No. DEFG02-97ER41029, No. DE-FG02-96ER40956, No. DEAC52- 07NA27344, No. DE-C0O3-
76SF00098 and No. DE-SC0017987. Fermilab is a U.S. Department of Energy, Office of Science, HEP User Facility. Fermilab is managed by
Fermi Research Alliance, LLC (FRA), acting under Contract No. DE-AC02- 07CH11359. Additional support was provided by the Heising-
Simons Foundation and by the Lawrence Livermore National Laboratory and Pacific Northwest National Laboratory LDRD offices.
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ADMX Collaboration

- Experiment formed in 1994 at LLNL ‘ B Lawrence Livermore UF | UNIVERSITY of

National Laboratory FLORIDA

« Currently one of the 3 “Generation-2”
Dark Matter Projects (along with LZ
& SuperCDMS-SNOLAB)

Berkele

UNIVERSITY OF CALIFORNIA

«  Now located at the U. of Washington

Sponsors
ADMX now DOE Gen 2 project Fe¥r] THE UNIVERSITY OF

Yo WESTERN
%us? AUSTRALIA

g\; GEORG-AUGUST-UNIVERSITAT F I b
C= GOTTINGEN , erml a

I'Ijgfversity NFc’)arfc:I'i\tfivcest A
Of ATIONA
> Sheffield. | AoomrTos » LOS AlamOS

LASORATORY NATIONAL LABORATORY

_ ' HEISING - SIMONS
Primary sponsor FOUNDATION

Supported by U.S. Department of Energy through Awards No. DE-SC0009723, No. DESC0010296, No. DE-
SC0010280, No. DE-SC0010280, No. DE-FG02-97ER41029, No. DE-FG02-96ER40956, No. DE-AC52-
07NA27344, and No. DE-C03- 76 SF00098. Fermi Research Alliance, LLC under Grant No. DE-AC02-
07CH11359 with the U.S. Department of Energy, Office of Science, Office of High Energy Physics. Additional
support was provided by the Heising-Simons Foundation and by the Laboratory Directed Research and
Development offices of the Lawrence Livermore and Pacific Northwest National Laboratories
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Another mystery of physics:

Why is the neutron electric dipole moment so small?

) 1{_5‘17 —
Naive estimate gives o8 '
. 11 biE
d, = 10-6 e-cm = . The Strong-CP problem
10 -
Neutron 5 5%
. :
S w2t
E‘:ﬁ 10 5[1
>, 22 -
=" ) o
5167
= ® _NMR expts.
c ~24
L1107 ..
- a
“ =25 L
2__? 107 oL
=
~27 l
1950 1960 1970 1980 1990 2000
fear
dn = (0.0£1.14024£0.25y5) x 10~ 2%e-cm
- C. Abel .
1 O 15 m Phys.eR:\t/.aLett. 124, 081803 — Published 28 February 2020
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The Nature of Dark Matter | -

One of the premier unsolved mysteries in physics

1930s
Other Fritz Zwicky: noticed odd motion of
nonluminous member galaxies of the Coma Cluster
Dark Energy Dark Matter I‘E\?e'ggggﬁ’;gi 3.6% 1980s
D e Spermassive BHs 0.04% Vera Rubin: Galaxy rotation curves did not

make sense without a large unseen mass
Additional DM Talks at this Summer School
Luminous matter - Tim Tait (Theory), Tracy Slatyer (Indirect DM Exp), Jodi Cooley (WIMP DM Exp)

stars and luminous gas 0.4% - Superconducting detectors: Kent Irwin (TES) & Zeeshan Ahmed (CMB)
radiation 0.005%

DISTRIBUTION OF DARK MATTER IN NGC 3198

102[p Consistency
interval

200 LB T T I L T I T 1 1 71 ] LI T ' T 1 1 1
Primordial I \eC 108
Nucleosynthesis i ]
e 150:-

70 km s' Mpc™!

104

Critical density for

Hy=

106

50

I
1
1
1
1
1
|
|
|
|
1
1
1
T
1
|
|
|

108

Abundance relative to hydrogen

0 1 1 1 1 l 1 1 1 1 I 1 1 1 1 I 1 1 1 - l 1 1 1 1
0 10 20 30 40 50
Radius (kpe)

1010 |-

| 1 1 il
1032 1031 10730 1029

Baryon density (g cc1)
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Peccei-Quinn Solution to the Strong-CP problem

« Mystery of why the neutron doesn’t have a measurable electric dipole

« Peccei & Quinn: Postulated new U(1) symmetry
that would be spontaneously broken.

*  Weinberg & Wilczek: A new Goldstone boson
(dubbed the axion)

« Remnant axion vacuum expectation

value nulls QCD CP violation. P2
Oscillation about the QCD

minimum — Danie! Grin

« Only free parameter: Symmetry breaking scale (f,)

“Invisble Axion”: f, >> Weak Scale (dark matter candidate) >’=’_§E

WAXION,
. ggyn GREASE 5";’.2"

« Two general classes of models
+ KSVZ [Kim (1979), Shifman, Vainshtein, Sakharov (1980)]:
» Couples to leptons

» DFSZ [Dine, Fischler, Srednicki (1981), Zhitnitsky (1980)]
» Couples to quarks & leptons

Steven Weinberg

Frank Wilczek

w Lawrence Livermore National Laboratory N A‘S&{é‘i 77
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TM010 mode TM011 mode
~069 Conn~0.0

C010

ted to ~ 100 sec

Integration time

imi

l

Signal to noise dictates search strategy

hl&&sttxa\u_‘..aa‘::ytrffr$
P ST R AP LY RS R RGGRRREES
Fosipppcpep o & % & & F ¢ X % R W G o S & G2 4|
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e e e LIRS
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~\ 2
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NOSE 78
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D S 2 aF 3k TE TP P S EP S P E P e
St T T P r T ErE e

[

)(
)

V

1001

Gy

System noise temp.
Tphys + TN

Gen2: Dilution Fridge +
Quantum-limited amps

0.36
)
8T

) (

1.68 GHz /year (
SNR

(

~
~

df

dt

~ 1023 Watts for ADMX
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Additional Haloscopes Worldwide

Several other groups have started to CAPP (Korea)
take haloscope data

A variety of technological
enhancements being explored:
- Novel Cavity Geometries

- Superconducting Cavities

(B-field tolerant)

- Squeezed Amplifiers
HAYSTAC (NSF) suprconducting

Joseph rametric Amplifier i 3He/*He Dilution cavity (YBCO)

o

TASEH (Tawian) ORPHEUS (UW)

Resonant Mode In Periodic Dielectric Loaded ‘Wavegul
: ﬁ I /\ /\
|

V"v\/u\;

Single-frequency cavity — ‘ _ ) e
Periodic cavity

Refrigerator

Sapphire loaded cavities can

RADES (CERN) utilize higher order modes
B A ( ORGAN (Australia)
R s } == =

Uses CAST dipole

W

Lawrence Livermore National Laboratory Please see broader details in community whitepaper NIYSE 79
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https://arxiv.org/pdf/2203.14923.pdf

Laser searches for Axion-Like-Particles (ALPS-Il experiment)

Production Cavity (PC) Regeneration Cavity (RC)
O000000C000 _O0O0Oa -.--.r

____________________ =2

Laser

Detector

DDDDDODEDE ,, DDDDDDDDED
Magnet String

12+12 dipole magnets from the HERA proton accelerator

Production cavity and regeneration cavity, mode matched

W Lewrence Livermore Nationai Laboratory - Adapted from Axel Linder, IBS Dark World Workshop - Nov 2019 NS 0
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Laser searches for Axion-Like-Particles (ALPS-Il experiment)

Production Cavity (PC) Regeneration Cavity (RC)
O000000C000 _O0O0Oa -.--.r

e
--~
-~
-~ -
-~ -
T ——
------
_______
______
R
- -

Laser

Detector

DDDDDEDEDE ., DDDDDDDDDE

Magnet String
1 r Gan B T K"
Pysgay = 16 - FpcFre +(gary B)' = 6-107°° Fpc Fre - (10_10(862‘/_1 L IOm)
=102°W (using 30 W cw laser) 5.000 40.000 0.2 53 1058

L Lawrence Livermore National Laboratory - Adapted from Axel Linder, IBS Dark World Workshop - Nov 2019 NS 81
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Laser searches for Axion-Like-Particles (ALPS-1l experiment)

JURA | ! 1 | T T [
= LSW-+optical -
> Magnetic field strength: 13T 10 - o CAST HB stars. =
> Magnetic length: 426 m | ALPSIL F o aesuni | )/ % -
s E 3 BabylAXO—_nvo
> Light wavelength: 1064 nm % />< —="" 1axo-
S -12f=——JURA €4 1
> Circulating light power: 2.5 MW g L J 2075 .
98 & ,”/’" 06‘0
> Power built-up behind the wall: 105 - it By .
15— H ,":—}""g“* —
> Detector sensitivity: 104 s s | 4
C | 1 1 ¥ 1 1 | 1 1 | i
JURA could allow to probe for very lightweight ALPs -9  emmen

in the laboratory even beyond the IAXO reach.
It would be a (costly) about 1km long apparatus.

If ALPS Il fulfills expectations, JURA should be feasible. Dipole magnet R&D is essential.

'IL Lawrence Livermore National Laboratory  Adapted from Axel Linder, IBS Dark World Workshop - Nov 2019
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CAST (Cern Axion Solar Telescope)

~ 120, : 1072
Zf lﬂ"i“ d — Primakoff x $0
E,EE ‘“) / ‘U‘ —— Non hadronic
Axion 4\
....... )...._..____ % \jl
!
o123 45 678910 >
Sun E, (keV) § 10-10
Redondo JCAP 1312 008 (2013) =
>

This work

Idea refined by K. van Bibber by using buffer gas to restore coherence

over long magnetic field Van Bibber et al. Phys.Rev. D 39:2089 (1989) :

10-1 Lol Lol 1 Ll
104 1073 102 107! 100
m, (eV)

CAST best limits for relatively high mass (~eV) axions
New CAST limit on the axion—photon interaction
CAST Collaboration Nature Physics volume 13, pages584-590(2017)

Lawrence Livermore National Laboratory N A‘g’—“i 83
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https://www.nature.com/nphys

IAXO (International AXion Observatory)

= Large toroidal 8-coil magnet L =~20 m

~107°
. >
= 8 bores: 600 mm diameter each & 107
. go“
= 8 x-ray telescopes + 8 detection systems 107
. . . -9
= Rotating platform with services 10
10710 : : ~ :/':_I?HB_",;
oy ALPS_" : s::::::Z’!l’_i_"_i!_A?_(f? ___________ < ,E"' 2 2
10 1= 57 : JAXO o B E
10-12 :E & E:
= : O@Q 3
10713 e Halos QF .o‘\@ =
- ; \d 3
10_14_5 E
10_15_ “ ?;
10—16 wm Il luuu| | lllllll] 1 llllm

100° 10 107 10° 10° 10 102 102 107" 1 10
Rotation System ma(eV)
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Microwave Cavity needs tunable resonance

Antennas

Tuning Rod

Cavit

between Antennas

Transmittance

-y

15GHz  Frequency

Lawrence Livermore National Laborator: A .
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Microwave Cavity needs tunable resonance

Antennas

Tuning Rod

Cavit

between Antennas

Transmittance

1.5GHz 1.6 GHz Frequency
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