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Axions: a byproduct to cancel the strong CP

Quantum Chromodynamics includes -

gluons

uva
Loco 2 =7 GG + 355

This term generates electric dipole moment in neutron
* Theory:d,~(2.4+1.0) x107°0 efm
* Experiment: |d,| < 1.8 X 10713 efm "=
- 0] <08x1071Y% « 1

Naturalness problem without anthropic solution

2
g ~
" 0G%,GH°

) symmefry (ng

| éaxiom (NG boson)

2

Introduce a new global chiral U(1) (PQ symmetry) field a

2
Is . (e + 3) G2,GHv® - 0 (after SSB)
321 F,

Spontaneous Symmetry Breaking
- A Nambu-Goldston boson appears as a byproduct = axion



Axion after QCD phase transition

10—

PQ Symmetry is explicitly broken 0
- Axion gains (light) mass o

10°? CAST
F. Chadha-Day, J. Ellis, D. J. E. Marsh, "Axion Dark Matter: What is it and Why Now?” arXiv:2105.0140¢ |
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Axions a mixed with pions .
Axion couples to two

mafaNm”f” photons (Primakoff effect)
- Coupling vs mass predictable! - RF/microwaves :



Axion as dark matter

Axion loses kinetic energy non-thermally by coherent oscillation in the PQ potential

A
.. . s Two possible
Misalighnment mechanism 2 £ P :
z s scenarios
T O b ma=0 " related to the
dt? dc = " EIO & energy scale
S arigava . .
< 54y of inflation
axion field
A(PQ) > A(inflation) A(PQ) < A(inflation)
Our Universe:
Cosmic axion Cosmic axion
Random 6,  String
. \J,
Remaining coherent 1.12 & Annihilating axion
oscillation = DM string = DM

Naturalness problem

in DM abundance
(initial value dependence)

Natural solution to

DM abundance
Stefan Knirck PhD thesis 4
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21 X 196 MeVfm

Ag~ ~22
B~ 0.07% x 80 uev <M

0.4 GeV/cm?

~5 x 1012 cm—3
80 eV e

—

Axions enter Maxwell equations

v E=Ep—gaWB Va
V-B =
_ 0B  Effective charge & current
VXE=——
o0 |
O da \!
VHB =gt ey \Ex Va5 B)

* Highly degenerate condensate
* Quantum fluctuation negligible
—> Classical fields

Thermal Noise

m, = 80 ueV generates narrowband 20 GHz MW under a static magnetic field Frequency
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% Challenge to address 80

m, > 40 peV (10 GHz) is motivated (post-inflationary scenario, kinetic misalignment, etc) but...
Mismatch in wavelength! — 1, = 15cm K 1z =22 m

p (V )(B)2<C>( Q > ttrrtrttrtrttetertetretrtertreteteet
S

*\136L/ \6.8T 50000 Magnetic Field

Rev. Sci. Instrum. XI - A : PhOtOn

92 124502 (2021)
Courtesy of Alex Millar Jr.

Challenging to keep overlap
integral C nonzero while keeping
the detector size V' large

- Insert dielectric disks to cancel

the negative overlaps! 1‘1‘1‘1‘1‘1“!"I“I“I“I“I“I“I“I“I“I“I”I“I“I‘T‘I“I"I“I“I“I”I“I“I“I“I“I“I”I‘

y B\2[ j? Magnetlc Field
fs <1 mZ) (10 T) (50000)

Caldwell et al., PRL 118, 091801 (2017)
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% Boost factor # cavity quali

(o) () (o) o) = o2 ) (o
0.4 - o< —
> 7 \136L/\6.8T/ \0.4/\50000 ]

http://lossenderosstudio.com/glossary.php?index=q o
______________ T
SLB Bandwidh é'zooo- _
anawi
| R YU A o :
— b 3000 [ X
a) S B
s 2 31 n
2 ok g o 2000 |- g
: SEE
ué: % | E: 1000 |- B
3 313!
i, o b 1 N, P [ N YN
Frequency (Hz) — i e 5 > 1;}2quency (Gr-:zs)'o
Cavity Q is f /Af of external excitation Boost factor is for axion-induced signals
- Observable via Network Analyser - Virtual concept and not plug & play

- Calibration & determination of 82 has been one of the challenges in MADMAX
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e-field (f=19.5) [1]
Orientation

Component Abs
Frequency 195..
Phase 0°
Cross section A
Cutplane at Y 0.00...
Maximum on Plane (Plot) 20441...
Maximum (Plot) 20858...

Resonance inside
the dielectric disks

MADMAX overview

(e

spacing~15 mm @ 40 peV
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Ellipsoidal
mirror to
focus MW
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v’ Piezoworked at 5K +5.3T R v' Cable-in-Conduit
v Disk motion with piezo- ' Conductor

motor was successfully v MACQU Demo Coil
v Dipole feasible!

> Fabrication ($$$)

tested at4Kor1.6 T

Hed]ax 35K0T R
100 [NbTi with Cu jacket @ 1.8K]
4 x M8 hanging tie rods
Q ''''''' 1.9 K supporting structure
500 BILFINGER »
0
5
4 E;;i “, %
B » *
ek A Y 1 . \ 2 ¥
ad Y 2 f".'M
Y d - o iﬂﬂ" Solenoid

s motor 1 (M1)
|« motor2
5 ¢ motor 3

Winding mandrel

Position - M1 Position - target Position (pm)

r t v
;] el ¢ :Q.’ X Copper connector
OL"':*\",.‘E A “iﬁffw‘ ?.‘kW}‘ .;(Eh, .‘{."'E! W?7X boxes
MADMAX collaboration, R e i )
CE?W cotiaboration s Lorin et al., IEEE TAS 33 (2023) 1
\ 2024 '”NST 19 T11002 0 6 12 18 24 30 36 42 48 54 60

= Position step

Boost factor ,82¢ cavity Q = before large scale experiments...small setups!
v' Boost factor determination & first physics runs without piezo-tuning & existing dipole


https://iopscience.iop.org/article/10.1088/1748-0221/19/11/T11002
https://doi.org/10.1109/TASC.2023.3273734
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Name Booster

Close Booster prototype for axi

Test @CERN

| Spectrum

CB200 Closed 3, fixed

¢ =200 mm (room temp., B-field)
_______________ Booster (mirror +3 sapphire gslg ¢_ _20_cm)
l/ Be Taper error

Cylindrical waveguide Separatlon Rlngs

Receiver
Chain

Ibllb

o

Spectrum Analyzer

Low Noise Amplifiers (LNA) + filters + spectrum analyzer

* Booster peak tuned at 2 frequencies ~18.5 and 19.2 GHz

manual change of disk distances by ~0.3 mm with separationrings
* O(10 MHz) variations around these frequencies

manual change of mirror-disk distance by O(10 pm) with tuning rod
* 15 days of datain Morpurgo magnet at CERN

B=1to1.6T

o Dlelectnc

L L7 JEa

.| analyzer for Bf|e|d ' i 4
=1 measurement [E i:le)a1te) = ¢ "

Receiver
chain
outside
B-field

VNA for S11 e
calibration 4 U | Res spectrum I

\ | measurements . ) | analyzer FSW43

Computer
with GPU

Booster
|El [a.u] mode

\

Parasitic
modes

- 1 NG
(7 ) \ g
(e ’
’ Vector Analyser ) 19 o

Why close cylinder setup >waveguide resonant mode (TE,,) are clear to model ,82
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Model-based approach

Modelling the TE,, booster with free parameters

p? determination in close

.0 1 Preliminary

200 AMAD I ax
1000+ — — Broadband measurement| -
= Physics-run

— Model

800

1150
600

(g, thickness, spacing, mismatch, etc) f TE, resonance Eggg: (Su)  ceran| |*° E: :Zz '
o 50 5 0
1) Fit to I\JL
determine _\ 2).CalCUlatI(_)n 13 f;fa—ﬁlmo 18525 18550 18575 ° msw e 1500 15555
parameters with determined ‘ Frequency [GHz] 18.00 18.25 Frequifl;:i'o[GHz] 18.75 19.00
Q 7 Ao ) M ax Frequency | GHz]
y parameters 1851 1853 18.55 1857 1917 1019 1921 19.23
MW measurement data ! : — : : :
* Reflection data boost factor,BZ 2500 - B? Peak @
* Noise power resonance Q 18.531 GHz
5 2000 - 18.543 GHz
* Monte-Carlo approach to propagate the errors & ig-i’gg ggz
' = 1500 - - z
In parameters . 8 19.215 GHz
* Limitation of the modelling (3D effect, etc) well 2 .
included in the uncertainty %
* In-situ monitoring of the booster resonance & 5007
during physics run via noise power 0

- 2% determined with ~15% errors

76.6

767

76 8 79.3 79.4 79.5

Axion Mass m, [peV]




% First physics result of axions

 No excess observed in acquired power spectra [HAYSTACK procedure PRD96 (2017) 1523008]

* Limits on axion-photon coupling g4, | [for each 0.9 kHz bin]

* Limits better than existing ones by up to x3 with modest system [few small disks, reduced B field]
- Proving substantial potential of the MADMAX concept

/\an M ax Frequency [GHz]

I\ WA Adion signal for m,=78.75 ueV & |ga,|=3.5x1071 GeV™ 1851  18.53 18.55 1857 19.17 19.19 19.21 19.23
5 4 Configuration 1 /i'>§?§“ . - e —t g— L 4 ' ' . '
| PPl I i |
7 N ,”’ ./ “\ % 10-10 &
O 3 T R Y 1 0 ,
Q R LRREEEERY o /_‘ o et @
N 21 66( Yl e . - X ~ 5
« I st "\ S | % [ M
s&; 11 rl"‘. ............ L A N R (R ™ b = \ ¢ ~.m N
3 0 [anppazgsser®’ / freaiiiie ,IJ=000 g) — \.0' 'o. % SN10:7: \\.'0 J—
=} T 7 = . . . fy
e —1 A / - 9= 0.5 —‘a \\ .."l.. ..0 ,’ /\ASLIO_ . » "'l-.u-.
2 / g <0 T g BRI physics NS A | L |
E -2 3 b O .o. --~~ Rlalyll diei¥ / ..' . ’o. -~ » Tuar?®
S -3 1 / - g b == / 4 . Sws”
g d = e 7] o .'0.
S _4 FWHM ] 5 el —_—— | |
:2 4 B ~20 kHz ﬁ e o 95% CL upper limit | ey o
-5 1 T - 4 o<1 dueto z o
- [ e 11 = = expected median limit
—-64-5 . 1 noise filter S 10 . B T
18.5570 18.5571 é * 16% to 84% limit range
18.51 18.52 18.53 18.54 18.55 18.56 18.57 10! 102 107 ' ' T T ' —7 A ' T ' T '
Frequency [GHz] Counts 76.55 76.60 76.65 76.70 76.75 76.80 79.30 79.35 79.40 79.45 79.50 79.55

MADMAX collaboration, PRL 135, 041001 (2025) Bxian B gL pek]

First dark matter axion search with the dielectric haloscope!


https://journals.aps.org/prl/abstract/10.1103/c749-419q

Work in progress: cryogenic calib

74 L Y
/

WA=

» MW calibration at
cold is challenging
» Analysis on-going

Heater control
and readout

DC line 2

B 771

L DC lines 3 and 4

1

D. Kreikemeyer
etal. JINST 20
T02005 (2025)

» Intermediate-scale custom-made dipole (60 cm, 4T) at DESY ~2031
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O300mm t1mm sapphire is deformed Two solutions proposed by [JCLab

o P300mMm t1.5mm sapphire with a new
..  fabrication technique (KC3) by Kycera
= —> deformation reduced by 1/10

-0.025 . {// [1r r\/ 8 H;?Th;ii {:Lgf —
~0.050 gut n:woonr:yex)penswe \\\Y:u.%Wﬁ:/// y
e High-resistivity silicon by Topsil
Impact: shift and uncertainty in 5% ()

500
—IEQASUrEeMeEnN! t
———— Simulation
———— Simulation flat disks
0 3% peak: 341, 324, 500
. AUC: 60, 53, 65 GHz
S FWHM: 113, 100, 100 MHz
Re)
200 5|
QOJ . . % - '/
W Lot
Small prototype
S - ./,‘
: @ |JCral™™ |

1 1
19.2 19.5 19.8 20.1

Frequency [GHZz]
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” lJCLab’s contributions to MADMAX 2: M

Qualification of absorbers Mounting on the support Installation at UHH

RS o [
- 3
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% Conclusion and future

* Axion searches
* Axions are the solution of the strong CP problem and can be an excellent dark matter candidate

* Addressing ~100pueV axions has been challenging due to lacking overlap with microwaves

’ f\/\,AD/jDNLAX : dielectric haloscope

* Boostthe axion signal in periodically placed dielectric disks
« Technical milestones (tuning, magnet feasibility, boost factor $?)

« Two small prototypes 10

* Close booster > mode-based 2 determination
* Open booster = reciprocity-based ,82 determination

Lorin et al., IEEE TAS 33 (2023) 1

10*]0

CB100
* Successful 1t searches in axions and dark photons! 1004 0B300_ 3disks (2027)
% OB300_20disks (2028)
) O, 10725 . 0B300_20disks (2029, 90 days)
* We are working on the next larger prototype =
« Cryogenic calibration: analysis on-going  INEIPAROPINPIPS)]  sg 107 -
* Large cryostat under commissioning & large optics & noise har | L oo MRS
* Intermediate magnet to be installed at DESY projegztions
* Next physics runs are planned during LS3 at CERN o 80 | 100

Axion mass [peV]

e Quantum sensors are under discussions for further uiirade


https://link.aps.org/doi/10.1103/PhysRevD.88.115002
https://link.aps.org/doi/10.1103/PhysRevLett.118.091801
https://doi.org/10.1088/1475-7516/2017/01/061
https://doi.org/10.1109/TASC.2023.3273734
https://iopscience.iop.org/article/10.1088/1748-0221/19/11/T11002
https://iopscience.iop.org/article/10.1088/1475-7516/2023/04/064
https://iopscience.iop.org/article/10.1088/1475-7516/2024/04/005
https://journals.aps.org/prl/abstract/10.1103/c749-419q
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.134.151004
https://journals.aps.org/prl/abstract/10.1103/c749-419q

More pedagogical lectures of mine

* 90 min x 3 lectures on axions in Nagoya University
* https://indico.kmi.nagoya-u.ac.jp/event/15/overview

* 1-week lectures + hands-on about RF for axions in Hamburg
University
* https://indico.desy.de/event/50207/

» Textbooks (we do not have established textbook for axions ®):

——
R.).Glauber —— ASHCROFT/ MERMIN 1]
ERpVE =~
pase~ CLASSICAL Quantum Theory of is
ELECTRODYNAMICS > ; e Int 0
U Optical Coherence 1eory o Many-Body Physics

iy
) /
‘//\\

Piers Coleman

MICROWAVE = Q@
ENGINGLAE = SOLID STATE PHYSICS



https://indico.kmi.nagoya-u.ac.jp/event/15/overview
https://indico.kmi.nagoya-u.ac.jp/event/15/overview
https://indico.kmi.nagoya-u.ac.jp/event/15/overview
https://indico.kmi.nagoya-u.ac.jp/event/15/overview
https://indico.desy.de/event/50207/
https://indico.desy.de/event/50207/

backup
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M Open booster prototype for da

Faraday

Focusing Booster
Cage Mirror Sapphire Disks Bead
-30dB A g

Mirror

DAQ Board
Xilinx RFSoC 4x2
Horn

X

Antenna \ §
L..
Local * Close booster may not be scalable
Receiver Chaln . __ T . - Open setup is a crucial milestone
>R D% -} + The MW reflection datais not as clear as
L 2808 14-25GHz 2308 14-35GHz 23dB  190-204GHZ Jl 0.3 6Hz that of close boosters (open boundary)

- Model & fitting approach was challenging ®
"I g

20




% B* determination in op
Lorentz reciprocity approach ® Messurement &
1 2 15 == B;convoluted ,5 \_§\
;.*’. \_§
2 S Unknown VMeasurement é 10 /i N
axion fields observable! 2 8 '
Boost factor can be determined via electric P 2 s R Ay N
field of MW excited from outside B? = ;‘9 x f ErdV NCAREE AR O |
0 %4 A ° .!750 765 .r 770 775 I780 785
Electric field can be obtained through the beads-pulling method ® oo el 375
dv~2/2 - \ -
X 2 [~ -
FocusinAF x ER ﬂ_ 103 E o E Uiad ?
Mirrorg R: . 5 “
______ &) S 1 1325 2
_______________________ = f )
----------------------- ) *_g 10° 3 13.00 <
------------------------- . 3 =
Z ; -
w 8 1 7 '275 -~
A 10 z
Disk  Mirror 250 ;80
Antenna Booster JCAP 04 (2023) 064
JCAP 04 (2024) 005 () A I A A A AN O AN A AN AR O AN AN A AR A | 225
. . 19.25 19.50 19.75 20.00 20.25
- (% determined with ~15% errors Frequency v |GHz]
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M First result of dark phot

* No excess observed in acquired power spectra

Limits on kinetic mixing y between photon and DP for mpp [78.6, 84.0] meV

Limits better than existing ones by up to x1000 with modest system [few small disks]
- Proving substantial potential of the MADMAX concept

MADMAX collaboration, PRL 134, 15, 151004 (2025)

i = = -13 "Yﬁ\‘-‘
A/\@m/\/\Ax DP signal for m, 80.5\6‘peV&)( 2% 10 A/\/—\D H.‘N\ AX
= T 0 I UL L I L L I L L l\.l L I - ' .
- : 4 il RSV | _l- :
= 6 9 | ——r] 107" E
— — O . vy % n J ..:‘ -
c\Il » —o k1 o D B | 44 g
= 3F 194798 194802 5
—_— i i = 10 11 . ]
) 1 = g
g.é = N 2
5 0f 1 2 o
g : ' I ). - d .y g : _ -
& -3 ' | | | - | | -
B . 10" : npolarized DPDM
e L1 11 l L1 1 1 I L1 11 I L1 1 1 I L1 1 1 l 1= " ! p — 0.3 GeV/Cm3 ?
19.25 19.50 19.75 20.00 20.25 - - - - l - - s - I A . s

Frequency v [GHz| 70 75 80 85

Dark photon mass m, [ueV/c?

First dark matter DP search with the dielectric haloscope!


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.134.151004

L

10

Kinetic mixing y

10

10

https://arxiv.org/abs/2509.06398

—10

10

—12

)) AX

Dark photon mass m, [ueV/c?|

CB200 & OB300 Dark photon dark matter limits complementary

11 | .
| W " [ ™ & s ‘ B s
VIATDIIVIAA ; : E
Prototype ! f f ;
-~ CB200 Z Z Z i
—13 TT 1 -
.- Unpolarized DPDM-——=
; ; ; ; ; i p.=03GeV/cm3? 7
| ; ; ] ] | X — .
70 75 80 ' 85

http://vietnam.in2p3.fr/2025/tmex/transparencies/5 friday/morning/DM4/04 Dabhi.pdf



http://vietnam.in2p3.fr/2025/tmex/transparencies/5_friday/morning/DM4/04_Dabhi.pdf
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