Wave-like dark matter

UGAP conference in Sendai on March 5th, 2024
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RCNS, Tohoku University
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DM exists, but what it is”

There are huge variety of candidates.

Axion, ALP and hidden photon

i

: . ; Primordial
v ; i black holes,
|

D " Light DM V Composite DM ™
v 12 omposite

Ultralight

Considering small Wiass, small velocity, and high
number, it should treat as a classical wave.



Wave-like DM

« Axion
* Introduced to solve the strong CP problem

« Axion-like particle
 Motivated by string theory.

« Hidden photon
 Motivated by string theory.



Interaction of Axion and ALP “<

Coupling to two photons |14
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4 gagga nv « This exists in any model.

* Intensive experimental studies in wide mass range.
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TR < Coupling to nucleon
tYann (Bua)Ny V>N « Good at lower mass region.
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+geaa(aua)eyuy e <— Coupling electron
« This does not exist in some axion model. (Eg. KSVZ)

DOI: 10.1103/PhysRevD.88.035023



Detection methods
for DM axion

Dark matter mass
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Interaction of Dark photon

o | = __XF XKV S Coupling to one photon =777 >0——>

Experimental scheme for axion can
be used for DP.

U
No magnet experiment: DP search

With magnet experiment: Axion/ALP



Axion searches

ADMX and CAPP lead the competition with cavity haloscopes.
Frequency [MHz]
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Principal of the cavity haloscope

_ (Jav EBg)

P = ngVB%,pOGlmnmiaQC, Gimn = BV e Axion converts into RF photon

in magnetic field.

Pre-amp
W ------ FFT « The converted photon is

Magnet

a+ ¥ (Bext)
— ¥ (photon)

Cavity

stored and enhanced by cavity.
Scan ve e Signal width = ~m,p*

Ava—»‘/<—\ « Peak search experiment
S, .
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LADNMIX

12-50K
Field-Free Region
Quantum Amplifié
Package ¢
| [ 4K

Antennas

- — ———
-~ ' -

Mixing
Chamber 1
a 1K
Microwave ‘
Cavity
< 100-250 mK
Tuning Rods

Slide from Rybka’s talk in Kashiwa DM conference 2023




Microstrip SQUID Amplifier (MSA)
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Microstrip SQUID Amplifier (MSA): Q 1
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« Very low noise temperature

From G. Carosi’s slides at Axions Beyond Boundaries Workshop 2023
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Josephson Parametric Amplifier (JPA)

 High gain and low noise at GHz

= S S R range
Fiivy
Classic example of parametrilc amplification is a child on a swing g +0 ﬁ;’“jﬁ SSSSSSSS | h didate Threshhold
1 i rW“W it
VIC T e

184 189 194 199 204

| -1.0
— — C N N Frequency (kHz)-730.0 MHz

« DFSZ signal can be clearly detected.
« — Low noise amplifier is the kex.

Inductance in Josephson junction, L,



CAPP(CAPP-8TB)

Axion Haloscope at IBS-CAPP (8T/1 65mm)1l

e :  CAPP-8TB experiment
/ ﬂ/\ N » Physics run 1

- Conventional cavity + HEMTs

- 1600 - 1650 MHz @

s ~ 4 % ngvz

I (] [EaeERcsssmsmsEs PRL124 101802 (2020)
y | - NIMA 1013, 165667 (2021)
B - Physics run 2
il BN = - TR - 8-cell cavity + JPA
N o = - 5830-5940 MHz @ g, =~ g,
o e Superconducting cavity test
| @B=8T
» D. Ahn’s talk on Thursday

1

= » « Axion quark nugget search
> ~ » J. Kim’s talk on Thursday

= — 5 FRE T

From S. Lee’s slide in Patras 2023

e In run 2, they addressed
5.83-5.9 GHz.
 Dilution refrigerator
« 8 —ell cavity
« JPA
e B=8T
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3 cell cavity

Cavity electric field structui
(Left dielectric rod is set at
edge, right at the center)

o

V=3.1L Cavity is important factor for
Housed in D=165mm higher frequency regime.
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Various

9ay| [GeV 1]

future projects |
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ADMX Run 1D and 2A

Frequency [MHz]
10° 10*

Four individual cavities

tuned by rotors
\
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ADMX-EFR

Further , 10}

ADMX Gen2

-
Run2|

-

~

Runl

ADMX EFR

ADMX Genl

ADMX sidecar (2021

QUAX
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_ -15 |
New Site 1077 £ B a
: ADMX (2021)
New Magnet 10-16 PF® S ‘
New Design 103 104
Rybka - Kashiwa DM - Zﬁequency (MHZ)

Slide from Rybka’s talk in Kashiwa DM conference 2023
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ADMX-EFR

* Incorporate technologies as they mature for a continuous scan
sensitive to DFSZ axions at 2GHz and up

Magnetic shield MRI magnet
9.4 T, 800 mm

—

“MRI Magnet

Electronics
dil. fridge Resonator

dil. fridge
Resonator

array

Low noise
~ amplifiers

25mK
0.01 Gauss Site: Fermilab

Rybka - Kashiwa DM - 2023

Slide from Rybka’s talk in Kashiwa DM conference 2023
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sty . ¢ Multi-cavities with multi-DAQ

e Faster scan by simultaneous
runs.

* In-phase detection after the
digitizing.

« Axion signal is expected to be

coherent, but the noise is in-

Run 1A-C EFR

_ X _ coherent.

Run 1A-D Run 2A EFR
Frequency Range 650-1390 MHz 2-4 GHz | 2-4 GHz
Number of Cavities 1 4 18
Volume 106-136 ¢ 85 ¢ 80 ¢
Q 58,000 (avg) 60,000 90,000
B Field 7.7 T (A: 6.857T) 7.7 T 96T
Avg Form Factor 0.45 (D: 0.35) 0.45 0.4
Noise Temperature | 300-350 mK (A: 700 mK) | 350 mK | 325 mK
Operations Days 1000 300 1000




DM Radi

« Challenges at lower frequency side

« Magnet size limitation
« Coupling constant get lower in QCD axion
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DMRadio b0OL

DMRadio-50L detection scheme  Toridal magnet

* |nductive couplings

B, - ——~, B
/ /
@@% ° vy H Oy °® and LC resonator
; I : |
| - . Quantum
i T I |
/@g:,’ | i | detector
| |
! 1 | LC Resonatorl
* / | ; \ Y |
) , gy | - ~ A~
eff N / % 7j o A
T «D g k- BE | 8
R,
Toroidal magnet J ,Creates B, induces |, which is AN
with field B, magnetic field B, enhar?ced by an LC resonator e Sheath Resonalor  Readodt
creates current J . and picked up by a sensor

From M. Simanovskaia’s slide at Patras 2023 20



v, [Hz]
10 10° 10° 107 10° 10°
T T

I

10°
10~%F
DMRadio-GU T e
Q 10~
Parameter Target Value DMRadio benchmarks
Magnetic field 16T >4 T for DMRadio-m?3
Volume 10 m3 ~2 m3 magnet for DMRadio-m?3
Quality factor 2 x 10’ State-of-the-art ~10°
Temperature 10 mK 20 mK for DMRadio-m3

Amplifier noise

-20 dB of backaction noise reduction
below SQL

RF Quantum Upconverters
(RQUs)

Integration time

6.2 years

https://arxiv.org/pdf/2203.11246.pdf

pMRadio80

| | ! | | gL
107 107 10~ 10~1 10°° 10—
m, [eV]
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MADMANX

« Challenges at higher frequency side

« Limitation on Gy, V

1

« Q-value gets lower, Q x v 2
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Mirror

YYYYYYYYYY

Yy VYV

Dielectric Disks

Receiver

Axion is produced at surface parallel to B.
« Dielectric disk

« Transparent to RF

« Large index
« One receiver corrects coherent signals

from the disks.
-rom E. Garutti's slides at patras 2023 2




MADMAX Prototype (2o Imax

DER FORSCHUNG | DER LEHRE | DER BILDUNG

"y * Manufactured by Bilfinger Noell GmbH
e Two vacuum vessels:

- inner (4 K) cooled via LHe circulating
through double-wall

- outer (isolation vacuum)

"+ Closed-loop system with 4 cryocoolers fo
reliquification of LHe

=» during operation: 50 / LHe

MADMAX Prototype Cryostat (MPC) "'ﬁ '

> )

* Delivery expected begining of 2024

° cOiIlisioning with OB300 in Hamburg

Receiver Cryostat (RC) =

03-07.07.2023 MADMAX - Towards a Dielectric Axion Haloscope 15/16

From E. Garutti’s slides at patras 2023 -
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B200,1.6 T, 300 K

B100,1.6 T, 4K

oal for full-scale
MADMAX

Huge magnet !

Full size commissioning from
2028(?).
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Question

cos( wt — kx)

cos(wt — k(x — xg))

cos(wt — k(x —xq1))

L L U il L - - — -y -)
Dielectric Disks Receiver

cos( wt — k,x)

» Axion induced photons, which have same phase ¢, are also
produced in every space where B field is applied.

e This means more signal?

* This leads more complicated interference pattern and makes
physics interpretation difficult ?




Dark photon
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Dark phOtOﬂ searches (Closeup around haloscope)
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Wave-like DM with Dish antenna

« To meet the boundary condition on
surface, DM induced photons are emitted.

 The photon goes perpendicular to the
surface.

 Thermal photon noise: n = ekT.
 Al: e = 0.04
« Electropolished Cu: e = 0.03

« spreads to all direction (Red line)

28



;"‘ Universitat Hamburg

PIK NRSCHUNC | DRT (ESME | SR8 RLDUND

BRASS-p Setup

CLUSTER OF EXCELLENCE
QUANTUM UNIVERSE

lluminated Area:
A=4.44 m2

Parabolic mirror:
D=2.5m,f=4.8m

Broadband
Receiver: 12-18 GHz

On T=15 K Stage

IF Bandwidth: 4 GHz
Af =5 —125Hz7

29




Result
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BRASS extension to Axion/ALP

Frequency [MHz]

~3.6x1078 [ 64N, @) 2\ [ 5Tesla
Sarr = T Gev 1023 W PO

@)= (2)

Tolbs = 1 day
1 Tops = 1 month T
E

Sensitivity with
B*A = 3 T?m?2

m, [eV]

Averaged horizontal field
_strength is approx 0.9 Tesla

Data taking this year!
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Tohoku efforts to ado
the wave-like DMs

e Method:

 Haloscope

e Target mass:
« Higher frequency
« ~8 GHz and then more)

« R&D items
« Cavity for high frequency

Frequency [MHz]

103

[eSb

10—10

CAST

ADMX

104

 High Q and large volume even in higher frequency.

« Cryogenic DAQ
 RF technology

|> Pulsars
L 107124 :

. -13 E 2 8 NZ
&~1071 5 7 X
g é 5 E £SL

== D

50 1014 - =L o

15 ]
10 % 00 = 0.45 GeV cm 3
10 | - 11101‘5 | I1|OI‘4
m, [eV]
~ == L 3
WA CESEANTFEHORSE LB DE(L

Unraveling the History of the Universe and Matter Evolution with Underground Physics




Studies on cavity

« Axion Signal:

" (fav E-B_’)2
P = KQZVBgPOGlmnm_aQC' Gimn = |BZ|VdeOE2

* Enlarging G;,,,,VQ is essential for higher frequency regime.

G + 0
ey G D

1t ) U

Gimn 1S SUppressed in higher eigen mode.




Photonic assist cavity
 RF reflects ~100% by forbidden zone with photonic crystal structure.

* [n cryogenic condition, there are dielectric materials with very low
dielectric loss (tan )
« Saphiere : tan§ ~10%at RT, ~10"atLN,, ~10?° at LHe

An application to the accelerator Example of OUAX Collaboration o = 1.6x10% at RT
(KEK H. Yoshida) Ple of Q Qo = 2.9x10° at 4.2 K



E Field [¥/m]
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Photonic assist cavity with sapphire
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2, 1764E-21
1. 9346E-01
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—_— — — 1. 4510E-91
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2, 4189E-82
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I
0 35 70 (mm)

N

0 35 70 {mm)

2022/7/28

« According to the dielectric loss measurements by ourselves, higher Q could be achieved potentially.

 Drawback is non-negligible dead volume and high expense for sapphire.



QL or QO

In the magnetic field.
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Photonic assist cavity with high purity Al,Os.
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New ideas in the cavity

)
(J dV E-Bg)
« When we look Gy = IB2|V [ dV E2

negative interference can avoid by dV in

carefully, the

numerator.

Large volume
(H=100mm)
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Smaller volume
(H=10 mm)
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e E field distribution is not matched to calculation, but the
basic idea is proven

« This cavity volume is about b times larger. >

« Acceding to simulation results, we can connect more to
enhance the volume.

» This fits to HP searches, especially for high frequency.

e The idea can be adopted to axion searches.
« We will conduct a mock-up tests soon.
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Polit run system for axion search in Tohoku
 Magnet

« Sample volume D=110mm, L=220 mm
« Max B=9.1 T (2% unifomity)

« Simple cavity
* G =0.686
« V=373 cm3
. 0, = 1.84x10*
+ fr = 4,614.54 MHz (No tuning <Ny
« Antenna coupling g = 2.04

 Temperature

e T =8.85K
e No load min. T =3.8K

40



DAQ at Polit run (2024 Jan.)

Noise sources
(Noise Com and Pesternace)
Data storage

| L]

Vector Network Analyzer

Port1 | Port 2 Digital Programable
Spectrometer Attenuator
[ (0-11 dB)

F-port B | RF-port D RF-port A RF-port C

Circulator

/=4 K

~ Critical couple

Transfer Switdgh

covm “[switch

Hot load|(50 Ohm load)
Ampy(i <~1(t5>
3
1
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2 3| S~
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Thermometer C

g Jerewowlay |



Frequency [MHZz]
10° 10*

10_10 Neution Stars

101 s
| 2
D 10-12- : IBEIN
O - :
— B I O A1 | R e ——— |
= 1013 - “NEE ° KNE
S =111l &
_ » YSZ
i‘o 14 i g F P
10 E : E/N§5/3
. 1
15 i |
1074 =
] i 00 = 0.45GeV cm
] |
| | | | | | L | I| | | | | | L | |
107° 107 1074

Expected sensitivity will be just around CAST-CAPP m, [eV]

42



Physics search with current apparatus (FY 2024-26)

-uture S
ayy = 2x10713 (Gev™1), f =5.4~7.8 GHz

Axion mass (GHz)

Current cavity technology + o 05 10 20 A o 0
New apparatus (FY 2027-28) :

- Large G,V Q cavity

il L poogenesl
« New cryostat: T = 1.8K O | —

1010 | Astrophysical combined limit .

SRR LLELI,
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Summary

* The wave-like DMs are well motivated.

[t is not yet discovered even though a lot of efforts.

« Wide parameter spaces are unexplored. (mass and coupling)
 Many projects in worldwide with variety of methods.

« DM is waiting to be discovered.
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