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Dark Matter Axion and ALPsS
Where do they come from?

A CP violation in QCD

A The strong CP problem

A Peccei Quinn symmetrgreaking & the axion
A Axion production in the earlyniverse

% @ Axions and ALPs: where do they come from, how to detect them? 1
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CP violation in the quark sector
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CP violation in the quark sector

For Kaons (negative parity):

~r

OSL i SE i

0S L P SL M and OSL Fm SE P
Thus
O BL N SE P and 6 L SL P

Thusthere are two CHEigenstates

With

L ALWAYS has to decay into states V@1
L ALWAYS has to decay into states V@#=1

Axions and ALPs: where do they come from, how to detect them? 3




L{!'tt {OK22f &b Sdzi \Sudlirb&nzéllg2®4 5 NJ a | ( (iBSWbrovits(bela@mpp.mpg.di
CP violation in the quark sector

Experimentallyfwo states observed: corresponding to (CP states)
Lyozz and Ljozzz L, L andly L
7¢ =0.9-107%, 7, =05-10""s

1964: Christenson, Cronin, Fitch ahalayat
Brookhaven national Lab alsbserved

A lLjozz

This is &P violating decay!

(similar CP violating decays appear in b
mesons: BELLE/Babar

1": .'7‘
. Photo from the Nobel Foundation Photo from the Nobel Foundation
A NObeI Prlze 1980 archive. archive.
James Watson Val Logsdon Fitch
Cronin

Prize share: 1/2
Prize share: 1/2

=

=N

S
MAX-PLA
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CP violation in the quark sector
L T EvHi {1 HT1i 11
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Vil [Vis|  [Vi| 0.00867 290029 0.0404 105011 0.999146 +-000021
171:5 ,c8,18 Vud ed,td Iru*s .cs,ts ITud cd,td
w.c.t W
w w.ce.t u.c.t
. . 1
I:ud od,td 171:3 .cs8,ts Irud .cd,td Iyu*s .cs,is8
1 0 0 C13 0 513 ci2  S12 0
0 Cag Sa3 0 1 0 —8&12  C12 0
0 —s93 ca3 —s13e@3 Q) C13 0 0 1
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CP violation in the QCD vacuum

QCD gauge group SY(3)anon-Abeliarn
gaugetransformations of the Lie group aret commutative!

| 2y aS1jdzSyOSY v/5 KIFa aftl NBS 3FdzaSsS aN)
gaugein-equivalentZERO energy states 0 separated by potential barrier.

A No singles G(includingst can be a stable vacuum statae to quantumtunelling

Physicalground stateof QCD vacuurs defined by
gaugeinvariant superpositionof vacuum states:

P& B. - &6
Forcouplingsthismeani SSR (2 S@lFtdzr S alLl2aaAroft s
A NEE[DQo adda general CP violating term to tliggCDLagrangian

J)V
_Zﬂththm

Axions and ALPs: where do they come from, how to detect them? 6
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CP violation in QCD

A Therearetwo INDEPENDENT sources for CP violamoQCD.
Physicallyonly one CP violating phase will appear
— L — Q% 00 GO Qw
leadingto additional CP violating term in the QC&grangian

_ﬁv
_Z-ﬂl-l.h*;th

With| the strong coupling constant and
‘O andO the gluon field and its dual.

Axions and ALPs: where do they come from, how to detect them? 7
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Electric Dipole Momen{EDM)

Nonzero EDMs imply P and T (and CP) violation if the system has a
non-degenerate ground state. This can be seen as follows:

o ldaso o
0(pg% (2%

o) (o)

EDM energy Eigenstates are neither P nor T conserving

A Together with CPT theorem:
Non vanishing dipole moment is CP violating!

A Consequence of nemanishingep violating—+

Finiteelectric dipole moment{EDM)of elementary particles

Axions and ALPs: where do they come from, how to detect them? 8
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The strong CP problem:
CPuviolation in QCD should induce EDM in neutron
= rr whe
Experimental limitQ <o¢gp m AA |
A H™HHY

Why dotwo INDEPENDENT sources @ violation
eliminate each other to 1 in 10?

Anthropic principle does not help!
Universe would look the same with 8

Axions and ALPs: where do they come from, how to detect them? 9
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ThePecceQuinn mechanism
Ggal 118 FASEtR GKIFIG Aa Reyl YAOLI f
Introduce U(1) symmetry with the complex phase

¢ V(a)

Potential is degenerate in

U(1) symmetry isponatneoushborkenat PecceQuinn scall|=
([ also sometimes calleaixiondecay constant)

A MasslessNambu-GoldsonteBoson 'Ho @ o A,

Axions and ALPs: where do they come from, how to detect them? 10
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ThePecceQuinn mechanism

A Explicit symmetry breaking during QCD phase transition

Potential develops minimum:

tV(a)
a
>
0=0

a ¢ 2 LJ2 fa2dZRA0CHLiof ©DAvACAUE
dependenceof term qﬁ bn
A Dependencef field potential on :
A Potential minimum atq R dzS IndtantokR & y' I YA 04 ¢

A Massive pseudiNambu-GoldsonteBoson

Axions and ALPs: where do they come from, how to detect them? 11
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ThePecceQuinn mechanism

Gal 18 FASER

A

L —
reEm

OKI

Ad ReylYAOI ¢

Equivalent

|
|
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1
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Axionas massive pseuddambu-GoldsonteBoson

A generationof mass by chiral symmetry breaking
(mass: seconderivative of potential at minimum)

O+ 8 A (‘ﬂF) Correlated tdfy by QCD

Chiral symmetry breaking is process givingts mass!!

Aalaa 3ASYySN}XGA2y o6& AGYAEAYZ
A Axionmixes with Pion! N r
0 SO
a m

Couplingto Photons + . § 7k

Axions and ALPs: where do they come from, how to detect them?
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Axion Photon mixing

A Axionphoton conversion in external-teld

InversePrimakoff

effect
B-Field

Couplingto Photons:} + . ¢ 7k

In general: Presence akionF A St R Y2RAFTASA al EgSH

V. E=p—-g9-,B Va,
VxB-E=J+g., (Bi—-ExVa) .
V-B=0,
VXxE+B =0,
i — V2a+ mi a= g E-B.

Axions and ALPs: where do they come from, how to det&c‘% them? 14
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Axionsin the early universe
Axionsare produces aBlONTHERMAL local field oscillations,

A particle population without initial momentumA NON RELATIVISTIC!

After phase transition:axionfield oscillations:
frequency proportional toaxionmass
Quantization of oscillation®\ huge particle density
A ldeal cold Dark Matter candidate

Axions and ALPs: where do they come from, how to detect them? 15
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Axionsin the early universe
Axionsare produces aBlONTHERMAL local field oscillations,

A particle population without initial momentumA NON RELATIVISTIC!

0=0

Energy stored, i.e. particle number density:

depends on initial alignment of_;;;;;;;after symmetry breaking.
AssumeAxionsmake up all dark matter:

If we can calculataxionrelic densityA prediction for their mass!

Axions and ALPs: where do they come from, how to detect them? 16
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Axionsin the early universe

Axionrelic densitydepends on:

A Initial misalignment - V(o) V(@)

a a

A Dampingof oscillationamplitudedue toHubble expansiorf universe

duringQCD phas#&ansition:
Damping: proportional to ratio between Hubble expansion rate and axion

field oscillationfrequency (mass)

= — generated by QCD!

Energy

time

§+3HO+m>(T)sinf =0

—TT

A Energy scale @: PecceQuinn symmetry breaking before or after
inflation?

Axions and ALPs: where do they come from, how to detect them? 17
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Axionsin the early universe

Pre-inflationary scenario:Peccei Quinn symmetry breaking occurred before |nflat|_on
the same everywhere in the observable univefsat |_l iy

Postinflationary scenario Observablainiverse consists of many patchest in causal
contactduring PecceQuinn symmetry breaking
A Today we see average of allfrom many patchesiow in causal contact

Axions and ALPs: where do they come from, how to detect them? 18
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Axion Like Particles (ALPS)

Any spontaneousliproken Ulsymmetry withexplicit symmetrybreaking:
PseudaNambuGoldstone Boson

A Axionlike particle

Foraxion:
mass correlatedby QCD to spontaneous symmetry breaking energy SQale

tV(a)

0=0

Axions and ALPs: where do they come from, how to detect them? 20
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Axion Like Particles (ALPS)

Many otherpNGBs

A TheAxiversefrom string theory arising from compactification of

dimensions CalabiYaumanifold of extra dimensions)!

A Nocorrelation between energy scale of spontaneous symmetry breaking
and mass, but coupling to photon suppressed by energy scale of
spontaneous symmetry breaking

A Samemechanism of ALP photon mixing aRdmakoffeffect!
A Axion searches also good for ALP searches

Axions and ALPs: where do they come from, how to detect them? 21
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Dark Matter Axion and ALPs
How to detect them?

A Axion couplings and sources - ... -
A Cavity experiments s =i i
A Dielectrichaloscopes

A LC circuits

A NMR experiments
A Solaraxionsearch

A Light shining through thavall i o e e

108 107 10 10° 10* 10% 102 0.1 1

A Some astrophysical constraint mess (o]

10—11

10—13 dark matter =
QCD dark-matter axion
pre-inflationary scenario

QCD dark-matter axion
post-inflationary scenario

QCD axion in tension
A - with astrophysics

axion/ALP—photon coupling g, [Gev!]

\
o I
o@'\
%,
& )
2,
%

Axions and ALPs: where do they come from, how to detect them? 22




L{!tt

| gary| (GeV ™)

{ OK22f &b Sdzi NBadrigbenzélqg2®24 5 NJ a | G (BSWabrovits(bela@mpp.mpg.dg

10~
107°
105
10-7
10—8
10~
10—10
10—11
10—12
10-18
10-14
101
1016
1017
1018

Laboratory

Excluded by Sun
astrophysical

’}V’
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L
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Axion production in the early universe
Axionsare produces aBlONTHERMAL local field oscillations,

A particle population without initial momentumA NON RELATIVISTIC!
A Production by misalignment as relioscillation of -

Cp) &

]
Il
o

Axions and ALPs: where do they come from, how to detect them? 24
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Axionas massive pseuddambu-GoldsonteBoson

A generation of mass by chiral symmetry breaking
(mass: second derivative of potential at minimum)

O+ 8 A (‘ﬂF) Correlated tdfy by QCD

Chiral symmetry breaking is process givingts mass!

Aalaa 3ASYySN}XGA2y o6& AGYAEAYZ
A Axionmixes with Pion! N r
0 SO
a m

Coupling to Photond + , § 7k

Axions and ALPs: where do they come from, how to detect them?
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Otheraxioncouplings® 7l

Axion Bremsstrahlung

a 'CL

Ni— ———Nj
E — - e O _ :

Couplings: '™

Ny ———t—pm N,

Ze

Axioelectrifeffect Oscillating EDM
Axlon &

% L
g/ - P T
N Ae

A —i leads tol

> z

o o A Spin coupling At |

Axions and ALPs: where do they come from, how to detect them?
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Axion Photon mixing
In general: Presence eakionF A St R Y2RATFTASA a

V-E=p—-g,,B-Va,
VxB {B =7+ g, (BQ)-ExVa)
V-B=0,
VXE+B = 0.
i — Va+ ?'nia. = gu~E - B.
a Oscillation ofaxionfield
Va Gradient inaxionfield

A a Sources E field oscillation!

Axions and ALPs: where do they come from, how to detect them? 27
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AXions

ersepctive

fa 1018 1015 10° GeVl

Y nev oy s
kHz MHz 1 TH2
B miéss;ﬂ?. =« LC circuit =« B%.Wlty "‘ée'i'{nc )

Haloscopes copes Helioscopes

@i (for axions 100% DM)

0.001 0.01 0.1

spunoq [edisAydoaisy

}‘deBroglie 1000km

(vpm) = 1077¢c

Axions and ALPs: where do they come from, how to detect them? 30
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Axion and ALPs experiments:
categorization in source odxions

DM axions Haloscopes
Detectaxionsfrom galactic DM Halo
Model dependence:
A Assume axions make up DM (100%)
A Halo density distribution
A Velocity distribution

Solaraxions Helioscopes
Production ofaxiongALPs in the sun:
InversePrimakoffeffect A  thermal distribution depends on solar modeling

Production in lab: Laboratory experiments
Use photon sources (lasers) to measure effects

Axions and ALPs: where do they come from, how to detect them? 31
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Axion "size":

Local DM velocity distribution De Broglie wavelength:
Q
(U ) pmw _ 5
Q Q Q
_ X X
n a @ ) Q 0T G
W

A Experiment fits into particle!

Axions and ALPs: where do they come from, how to detect them? 32
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Axionexperiment "coherence time":

Local DM velocity distribution axionmass vs. frequency
¥ 4 Q
(L ) pmmw a7

Interaction time of axions for experiment determined by

o = _oma (p'OO¥  [p OO¥

A Number of oscillation phases during propagation through experiment:

W ghy

A Many oscillations periods during transition

Axions and ALPs: where do they come from, how to detect them? 33
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Axion local DM number density:

Local DM density De Broglie wavelength:
,, 00T . (AED
T _ X X O m)agé( >
A
_ xtgpmda ¢( m)
. oot N .
- W @ pwax cadgp ™ _ ¢(A‘QX&”“»>
. "OQI0 OF AQ o [ pA Qfd
w A a
o¢gp Tt (A Qi
wa o\ a

. 4 . 1Y A|8
o ()T () ()
e ° (o>l hat

A Highly degenerate Bos&instein condensate!

Axions and ALPs: where do they come from, how to detect them? 34
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Cavity HALOSCOPES

High Qfactor cavities in strong Bield:

A Coherent Hield oscillation
A LT Fd NBazylyd FTNBIdzSyoey Ol

A Power can be detected
. 0¢& Qi MHOL QO ® . WQE EMNIOA 60 QE VW
1 v L] 14 14 w, ] A4 e’ ¢ y r U n 1 [] r r !~ U 'Gl ) r e, [} \ 1Y/
V' 0f Qiocd | QRO 0 QA | Qi Q6 QaeRL QQ0 Q

Preamp

I\ FFT

A
1
Y

i wvl/h-\\/‘-\
! A

My

~— Frequency

Axions and ALPs: where do they come from, how to detect them?
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Cavity HALOSCOPES

Total power expected from resonant Dxionto photon conversion:

0+

Z
(Z4)1 v

6

L Qw0 ¢8|

Qw [0 |

w: Volume of cavity) o: Loaded Quality factor of cavity ékionsignal width
narrower),0 : Overlap integral of field with axioninduced Eield of mode

Preamp

Joulen

|I> FFT
—
- ;51
3
A
1, Z R
1Y =
ErCary %
| o
o
XI A
Cavity My
~— Frequency

Axions and ALPs: where do they come from, how to detect them?
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Cavity HALOSCOPES

Total power expected from resonant Dxionto photon conversion:

w: Volume of cavity) o: Loaded Quality factor of cavity ékionsignal width
narrower),0 : Overlap integral of field with axioninduced Eield of mode

Preamp

I\ FFT
- ~
| (L ) pMTw

Joulen

1

o

|
il “' i ) |

-
JouSey]

Power

{\'7
>

7 ¥
/ =

~— Frequency
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Cavity HALOSCOPES

Sensitivity of experiment: Us®ickesradiometer equation”:

] / is.
- T ||. Xy _
- r
| h. -
rouahlv 5 Dilution fridge + Many individual
_ﬁj y noise temp receiver measurements!
AL
iy P Tvoy s b DAL Ymr
reamp
II> FFT
L ) ptw
e
§ ?Y § D-' WVI/P h
g S St & >|le
>:< ’\\M\\V\M—
Cavity m,
k——/} Frequency

Axions and ALPs: where do they come from, how to detect them?

39



L{!tt

{ OK22f &b Sdzi NBadrigbenzélqg2®24 5 NJ a | G (BSWabrovits(bela@mpp.mpg.dg

Cavity HALOSCOPES

Sensitivity of experiment: Us®ickesradiometer equation”:
Scan rate:

wi orwn £ (F)d5H) (30) (5

Many individual

Dilution fridge +

rou_|§|)h|y 5 noise temp receiver measurements!
AL
1, J||y.xv 8 L ﬁ%%. V-'Ir
Preamp
|I> FFT
(U ) p 1w
e e
L g _h'x
A
; A
Cavity -
v Frequency

Axions and ALPs: where do they come from, how to detect them? 40
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Cavity HALOSCOPE: ADMX

Scan mass range: need to tune

A Used
A Change

Axions and ALPs

ielectric low loss tuning rod
resonance frequency of cavity

a | (i (BSWbrovits(bela@mpp.mpg.di

399 ] 1 ] 1] 1}
750
700 | o

6508

Frequency {(HHz)

593 T_ 1 1 1 1 1

8 56 168 156 268 250
Rod Position {Angle)

: where do they come from, how to detect them?

jea 356
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Cavity HALOSCOPE: ADMX

e \
Stepping motors

K Magnet support
Cavity LHe reservoir i

MagnetLHemavoir S0 | EEeam ot |

\4

13xJTreﬁ-i¢mtor

]ZZ:-':I:'I.‘:I::.’.’Z:-

.

|
S
TR

o
g
s

. 2 A
g
§
?
5

3.6 meters

___— Tuning mechanism

=
:
2

—

T

{1'

l;__fP#'
/]
=
g
g
g
g

Sensitivity range: 0.5 2.5 GHA ~2¢10> S +
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Cavity HALOSCOPE: ADMX

individual ~ 100s measurements No excess signal found
With different tuning rod positionc Ma (HeV)
hve ck rguw"g;aselétbr:acmd
5
ZO' 10 —-11 |
5 _
2 T
£ 3
@ S—_D, 10 =13 |
Synlhse!gﬁ DFsZ Synl!gel;xr:‘ Ksvz %
80 l l )
% Combined Spectra 1 0 _15 :—‘ L L
E' o DMX 2024 preliminary
S F==o ADMX 2023 preliminary
DFSZ ADMX (2010-2022)
647.99 s, 2O 400 o600 800 1000 1200 1400 1600 1800 2000
individual measurements Frequency (MHz)
With different tuning rod positiond arXiv:2408.15227

Scan rate:

w5 onmn () (5)d5) (77 (5
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Volume of cavities & IF- Alternative Approaches:
decrease with wavelength Couples cavities
> Dish Antenna

Dielectric Haloscope

[/, km m mm Um
DL AULLLIN LULREN LULLE ULLLE LR LULEE] LULRE LULLE UULE LULLE LUULE LU

kHz MHz GHz THz n

neV meV meV eV my

/ de Broglie 1000km 1km 1m 1mm

Foof I lFese
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Cavity HALOSCOPE: ADMX

individual ~ 100s measurements No excess signal found
With different tuning rod positionc Ma (HeV)
| 2 3 4 5 6 7 8
v ckground-Subtracted
3
ZO' 10 —-11 |
5 _
2 T
£ 3
@ S—_D, 10 =13 L
Synlhseigc;:‘ DFsZ Synl!geil;xr:‘ Ksvz %
80 ! ! >
% Combined Spectra 1 0 _15 . 1 L
5 KSVZ o mEm s - DMX 2024 preliminary
S F==o ADMX 2023 preliminary
DFSZ ADMX (2010-2022)
647.99 s, 2O 400 o600 800 1000 1200 1400 1600 1800 2000
individual measurements Frequency (MHz)

With different tuning rod positiond ArXiv-2408.15227

Scan rate:

wh o nwr () () [0 ek
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Superconducting and dielectric cavities:

Increase of cavity Q-value:

A Avoid high frequency losses:
use superconducting wall lining Problem: Superconductor "¥(0)
A limits 0 ifield A use HTS!

A Minimize field at cavity walls: Use (low-loss) dielectric cylinders

1.00 [ [ sapphire ||

cylindrical
shells

long. E field [V/m]

.\‘
\.
-0.25 /
S

T T T T
0.00 5.00 10.00 15.00 20.00 2500 29.00
radial position [mm)]

1.507 ~ ™~
1004 /S
//
. /
.
0.00
*\:\ 1N
-0.50 \\—/
-1 T T
0.00 5.00 g o 0.00
radial coordinate [mm]

azimuth. Magnetic Field [mA/m]
o
o
o

Negative field values
A cancellation of coupling

Coating with high
“Y§ superconductor High field values at walls
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Superconducting and multiple cavities:

(all)

NI

Many small cavities
Mode matched

PRL125,221302 (2020)

ADMX-EFR (Extended Frequency Range): 2 —4 GHz (9 — 16 peV)

horizontal magnet:

digital 9.4 T,258 L
power combining

Magnetic shield

Electronics -
dil. fridge Resonator

dil. fridge —

Resonator

array

Low noise
— amplifiers

25mK

0.01 Gauss

18 cavity

array

Goal: Search 2-4GHz @ DFSZ sensitivity in 3 years scan time

S. Knirck at Patras 2024 workshop
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Effect of Dielectric discontinuity

WAL s,

electromag. wave emission_ \/WWV\MAMVWWV\*
scaled A

field
strength

d

F /AL T
N7 X

I
Ej1=E)

ce=1e=4

Discontinuity inf
A Emission of power Perpendicular to surface

@)D x ¢ g‘L(LjO ( F=Ey

e po B
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— EectricField Y
— - Axioninduced Field (theoretical)

ElectricFekd Y

-3e-11 0 3e-11 6,000e-11
LLALLLLLLLLLELLLLL LLLLLLLLDL

02 025

— ElectricFieid Y
- = Axion induced Field (theoretical)
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Dish antenna

Broadband approach

2 Works independent of

frequency (axion mass)!
Psig ~ BZA
For axion search:

detector Need large area and

- center sph. EXxtremely sensitive detector

BRASS @ Uni Hamburg/DESY
BREAD @ Fermilab
B=10T
Tsys: 8K

Psens:lOZ3W
A A=1.000m?
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Dish antenna BREAD experiment

Broadband Reflector Experiment for Axion Detection

Use Al i ght houseo geon

Photon emission from cylinder walls
A Fits into solenoid magnet

A=0.5 m2, B=3.9 T, T,,.= 400 to 600 K, t ~ 30 days
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Dish antenna BREAD experiment

Broadband Reflector Experiment for Axion Detection

CAST
i Globular
— e clusters
7
% SN1987A
<,
=
g Beat previous best experimental limit

50 i Broadband results: 8GHz

BRE/\D Using fisi mple setupo

COLLABORATION

Preliminary 2y = 0.45 GeV em—!

101 I I I I |
44 46 48 50 52 54
m, [ueV]

Taken from G. Hohshino at PATRAS 2024
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Dielectric haloscopes:

AnQuas:i broadbando approach

RRESEANENERILI

Yyyvyvyvyvyvyvyvyvyyy

Mirror "")“/2 Dielectric Disks Receiver
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Dielectric haloscopes:

AnQuas:i broadbando approach

Two effects:
1. Coherent emission from all surfaces
2. Resonant enhancement of emission at surfaces

A Set disk distances to tune resonant
A Changing distances changes sensitiyv

mean distance YV A frequency distance variatiodd ¢ A RUOK o022 &

(4]
o
o
o

T T T T T T T T T

T
20 discs ¢=24

T T T T I T T T T I T T T T T T T T I T T T T I T T T T
140 :Jzo discs, n=5 -- E

120F

4000 — Avg = 200 MHz

Power Boost Factor 8

3000 = 3 — Avyz =50 MHz

80
60 |-
2000 :
40

3 1
20F !

[ 1
0 ] 1 1 1 L L '} 1 1 Pl--l-l L 1 I-I-T1 L L 1 1 l 1 1 L
24.7 24.8 249 25.0 25.1 25.2 25.3

1000

. ; A i -
125 13,0 13,5 14,0 14,5 15,0
Frequency (GHz) 174 [(‘}.”.Z]
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\\AD |\ Ax MAgnetizeddisk and Mirror AxioneXperiment

The European Physical Journafoliime79, 186 (2019) ]
: assite

~Mm 9T dipole Horn antenna
magnet (+ receive))

Setof adjustable
dielectric disks Mass range

S :~1.25m m,~ 100 peV! Parabolic
Mirror

Separate
cryogenic
volume
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\\AD || /| AX MAgnetizeddisk and Mirror AxioneXperiment

Prototype booster A Obtain boost factor from E-field measurements

Faraday Focusing Booster
Cage Mirror Sapphire Disks Bead
-30dB i i

— — —
98 98 83mm

Local
Oscillator
18.5 GHz

DAQ Board
Xilinx RFSoC 4x2

Receiver Chain L |
DB

LNA Filter LNA Filter LNA Filter Mixer
28dB  14-25GHz 23dB  14-25GHz 23dB  19.0-20.4GHz

202

Set up a simple threeliskopenbooster

Fixeddistances

Studyelectromagneticswith obead-LJdz
method
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\\AD |\ Ax MAgnetizeddisk and Mirror AxioneXperiment

J/A0 )| A% Prelimina -
T GREREERARSEERRaEr] Rk Measureelectricfield
10 E @ 15350 = Calculate boost factor from
W F Q 1 |85 = measurement
= f ]
Z10°F { 3 t3.00 =
= : 5
8 1 B ) A T 2.75 _
M 10 F N E o
E A A ; I2.50 <
0 I A I A A A BN A AN N AN A AN A B AN A A A |_ 225
10 19.25 10.50 19.75 20.00 20.25 5.0
Frequency v |GHz| _ p
F ol
No signals of unknown origin o F
Sensitive to dark photon signals ~(0W % o
. . Q W
Compute 95%Clupper limit 3 ’
Convert to limit on kinematic mixing anglg -2 F
Q—’I —
_50 [ 1 1 1 I [ 1 1 1 I [l [ [ 1 l [ [ 1 1 l 1 1 1

19.2 19.5 19.8 20.1
Frequency v [GHz]
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\\AD |\ Ax MAgnetizeddisk and Mirror AxioneXperiment
A Si mp-disk B00N3M prototype booster at room temperature:

Frequency v [GHz|
17 18 19 20
L) L) L L L L) l L) Ll L) L '

Dosue-rr

10—10

10

Kinetic mixing y

107" BRASS-p

10" WWW
L L 1 L l il L Il L l

70 75 80 85
Dark photon mass m, [ueV |

Improve existinglimits by ~3 ordersof magnitude
Resonant androadbandat the same time
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\\AD || /| AX MAgnetizeddisk and Mirror AxioneXperiment

ASI mptdieosk 3200mm fAcl osedo booster e
Mirror
|
A
N Tuning
g Rod
N o | X | o ]| | =
Receiver L~ | et | et ~] L7 |
> Filter LNA Filter LNA Filter Filter LNA -
Chain 1GHz 20dB 1GHz 20dB 250MHz  <24GHz  20dB Spectrum Analyzer

Closed boundary conditions: finite number of modes
A Easier to model

A Boost factor can be determined from 1D model

A Seperationrings can be exchange® Tune frequency
A Use 1.6 T dipole magnet at CERN
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\\AD |\ Ax MAgnetizeddisk and Mirror AxioneXperiment

o 1

Booster mode
E| (a.u.) 1~ 4 10,9
0.8 108
Parasitic mode
0.6 4 / 5 0.7
0.4 4 0.6
0.2 0.5
0.4
12 - 200
0.3
18.4 100 0.2
18.6
18.8 >0 : 0.1
Frequency (GHz) 19 Coordinate (mm)

LRSYUATFTAOLFGOAZY 2F O2NNBOU Y2RS O@AS
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/\/\ M AX MAgnetlzeddlsk and error AxmneXpenment

I

CB200

B-field &
T - monitors ==

-_;\ ~ B-field
Receiver probe
chain )
outside the Fl_rSt LNA
B-field Wik I-

sensor
Spectrum attached
analyzer for R&S
RFI spectrum
measurement analyzer
FSW43
VNA for S11
calibration
250
measurements Mz < ?iGH,zLH
LNA
Computer 1;1;1 l:;al;l; Lowpass
with GPU L :
filter

arXiv 2409.11777 61
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\\AD |/ AX MAgnetizeddisk and Mirror AxioneXperiment

Frequency [GHz]

18.45 18.5 18.55 18.6 19.15 19.2 19.25 19.3
1.4 — ' ' ' 7 A ' ' L
B Peak @ Tuned booster to 5 different
1.2 1 — 18.531 GHz
—— 1854 onig frequency bands
2107 — 19.196 GHz RF behavior via reflectivity
= \ﬁ — 19.215 GHz . ]
LN Data taking: Measure power
g \L spectrum inside magnet
0.6 4 .
0.4 1
764 766 768 770 792 794 796 798
Axion Mass m, [peV]
Frequency [GHz]
18.51 18.53 18.55 18,57 19.17 19.19 19.21 19.23
] ) /20 /| 2x Preliminary ﬁzlP,eak @
1D modelling of booster RF behavior o 2207 . 18.531 GH»
A Calculate boost factors § 2000 — 18513 GHe
= 18.557 GHz
; 1500 - —— 19.196 GHz
g — 19.215 GHz
m
& 10001 \
2
& 500 \ \
0 : y — A— T T
76.6 76.7 76.8 79.3 79.4 79.5
Axion Mass m, [peV]
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A/\AD || ]V AX I\/IAgnetlzeddlsk and Mirror AxioneXperiment

M | Prehmlnary Frequency [GHz]
18.51 18.53 18.55 18.57 19.17 19.19 19.21 19.23
| | | | ’I’II 1 1 1
T
>
)
S 10710 -
= ]
k=) . s
> * g
.o 0’ \ ."
g \\ ‘9. .0., \\ ‘Q.
= Nt . N e
5 o N T, ’°// . N e : |
O .o. \\_.- ........ L ‘.0’ ) ’.. q‘_-.- BT ot
o hed S~ Y 4 o oy ~ ’
| ‘e, ~a o e, S ="
% ’.tl.. 0" Treiea.,
bqr' ............. ..” 95% CL upper limit ~  **e.,... -~
g - = expected median limit
5 10711 - «2is 16% to 84% limit range
| ) I I L] I I "’l 1 L] I L) I 1
76.55 76.60 76.65 76.70 76.75 76.80 79.30 79.35 79.40 79.45 79.50 79.55

Axion Mass m, [peV]
Improve existinglimits by factor ~2
Goodunderstandingof boostfactor determination:
Measuremet+ Modelling
A Proofof concept
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\\AD |\ Ax MAgnetizeddisk and Mirror AxioneXperiment

The European Physical Journafoliime79, 186 (2019) ]
: assite

~Mm 9T dipole Horn antenna
magnet (+ receive))

Setof adjustable
dielectric disks Mass range

S :~1.25m m,~ 100 peV! Parabolic
Mirror

Separate
cryogenic
volume
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4/\AD/JD/\/\ AX MAgnetizeddisk and Mirror AxioneXperiment

Magnet: large bore (1.35m) higfield (9.1 T) dipole magnet needed
A Being developed in cooperation with CH#fu
A First of its kind!

IEEE TRANSACTIONS ON
APPLIED

SUPERCONDUCTIVITY

A PUBLICATION OF THE IEEE COUNCIL ON SUPERCONDUCTIVITY

OCTOBER 2023 VOLUME 33 NUMBER 7 ITASE9 (ISSN 1051-8223)

Hanging tie rod nuts with
copper braid thermalization e
~4.5 K LHe cooled thermal
shield with MLI

| \
with MLI : AL S N e
B exchanger

For more. see C. Lorin et al.. “Development. Integration. and Test of the MACQU Demo Coil Toward
MADMAX Quench Analysis.” Art no. 4500711.
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Helioscope: detection of solar axions

X-ray optics

X-ray detectors

~ ' p o
~ shieldin
Movable platform L g

Axion production in sun

Via inverse Primakoff effect L X3 S 8
> Thermal spectrum ~ few keV " /few keV
- Detect x-ray photons! b

EfkeV)

i ) 2 { .Bi Y2 B X° ,
~) = 2() (]—11 ( .(j(lv € i 7 .
Pla=7) %d 10—“'(;(«"—1) ot1) \tom) T4V

2-.-)L _-_.N‘_’,h.
| -2 (([L) i (‘17) qg=hky—k, ~m; /2w

- Need to point magnet and detector towards sun!
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Helioscope: detection of solar axions

X-ray optics

CAST @ CERN: -}
Decommissioned LHC 9T Dipole magnet
pointed towards sun. J’ ; |
Detector: feW keV
Maximize collection ares (x-ray optic) T
Minimize detectors size (low-background)
= |AXO sensitivity to

QCD Axions for m,~100 meV

—11
> Gy <710
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