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The Axion

Extensions of the Standard Model (SM) featuring the
axion answer two fundamental questions in one go:

1. What is the nature of dark matter (DM)?
[Preskill,Wise,Wilczek 83; Abbott,Sikivie 83; Dine,Fischler 83]

https://www.nasa.gov/content/discoveries-highlights-shining-a-light-on-dark-matter

Dark Matter 26.8%

DELA A 68.3%

[PLANCK]

[Symmetry Magazine]
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The Axion

« Extensions of the Standard Model (SM) featuring the
axion answer two fundamental questions in one go:

1. What is the nature of dark matter (DM)?

2. Why do strong interactions conserve CP so accurately?
[Peccei,Quinn "77; Weinberg "78; Wilczek "78]
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The Axion

« Extensions of the Standard Model (SM) featuring the
axion answer two fundamental questions in one go:

1. What is the nature of dark matter (DM)?
2. Why do strong interactions conserve CP so accurately?
« Why is the electric dipole moment of the neutron so tiny?

« Experiment; |d,| < 1.8 x 107*° ecm [Abel et al. 20]

Talk by Katia Michielsen on Thu 26/06 at
10:10 in Particles: Beyond the Standard
Model & Flavour Physics parallel session
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The Axion

« Extensions of the Standard Model (SM) featuring the
axion answer two fundamental questions in one go:

1. What is the nature of dark matter (DM)?
2. Why do strong interactions conserve CP so accurately?
« Why is the electric dipole moment of the neutron so tiny?
« Experiment: |d,| < 1.8 x 107%% ecm [Abel et al. 20]

 If strong interactions violate parity (P) or time-reversal
(T) symmetry, would expect d,, ~ 1073 ecm
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Parity Time-reversal
14 T®.
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-d-E = *E

[Fuyuto 18]
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The Axion

« Extensions of the Standard Model (SM) featuring the QCD Lagrangian contains a term which violates P and T:
axion answer two fundamental questions in one go: [Belavin et al. *75;"t Hooft 76;Callan et al. "76;Jackiw,Rebbi "76 ]
1. What is the nature of dark matter (DM)? ﬁQCD D) 9 8 Gzbe MY — 9 o S |gb.RB
7r 7r

2. Why do strong interactions conserve CP so accurately?
« Why is the electric dipole moment of the neutron so tiny?
« Experiment; |d,| < 1.8 x 107*° ecm [Abel et al. 20]

 |If strong interactions violate parity (P) or time-reversal
(T) symmetry, would expect d,, ~ 1073 ecm
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The Axion

« Extensions of the Standard Model (SM) featuring the QCD Lagrangian contains a term which violates P and T:
axion answer two fundamental questions in one go: [Belavin et al. 75;t Hooft 76;Callan et al. “76;Jackiw,Rebbi "76 ]
1. What is the nature of dark matter (DM)? ﬁQCD D) 9 8 Gzbe MY — 9 o S |gb.RB
s U
2. Why do strong interactions conserve CP so accurately? _ _
: . _ * 0 =0+ argdet M, € [-m, | determines strength of P
« Why is the electric dipole moment of the neutron so tiny? and T violation

« Experiment; |d,| < 1.8 x 107*° ecm [Abel et al. 20]

 |If strong interactions violate parity (P) or time-reversal
(T) symmetry, would expect d,, ~ 1073 ecm
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Parity Time-reversal
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[Fuyuto 18]
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The Axion

« Extensions of the Standard Model (SM) featuring the QCD Lagrangian contains a term which violates P and T:
axion answer two fundamental questions in one go: [Belavin et al. 75;t Hooft 76;Callan et al. “76;Jackiw,Rebbi "76 ]
1. What is the nature of dark matter (DM)? Lqcp D 6’ GZVGI’ HY = 6’ ‘EC.BY
s 27
2. Why do strong interactions conserve CP so accurately? _
: . _ * 0 =0+ argdet M, € [-m, | determines strength of P
« Why is the electric dipole moment of the neutron so tiny? and T violation
+ Experiment: |dn| < 1.8 x 107" ecm [Abel et al. 20] - predicts neutron electric dipole moment (hnEDM):
e |f Strong interactions violate panty (P) or time-reversal [Crewther,Di Vecchia,Veneziano,Witten 79;...; Pospelov,Ritz 00]

(T) symmetry, would expect d,, ~ 1073 ecm

1®-

E

d,, Nge% ~1071% 0 ecm

Parity Time-reversal
1@ T®.
E E

-d-E = *E

[Fuyuto 18]

[Hook “18]
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The Axion

Extensions of the Standard Model (SM) featuring the QCD Lagrangian contains a term which violates P and T.:
axion answer two fundamental questions in one go: [Belavin et al. 75;t Hooft 76;Callan et al. “76;Jackiw,Rebbi “76 ]
1. What is the nature of dark matter (DM)? EQCD D) 9 : Gzbe MY — 9 2_ S gb. BY
/Iy /Iy
2. Why do strong interactions conserve CP so accurately? _
: . _ * 0 =0+ argdet M, € [-m, | determines strength of P
+ Why is the electric dipole moment of the neutron so tiny? and T violation

« Experiment; |d,| < 1.8 x 107*° ecm [Abel et al. 20]

predicts neutron electric dipole moment (nEDM):

* If strong interactions violate parity (P) or time-reversal [Crewther,Di Vecchia,Veneziano,Witten 79;...; Pospelov,Ritz 00]
(T) symmetry, would expect d,, ~ 10713 ecm

1®-

E

d,, Ngem—; ~1071% 0 ecm

mn

Parity Time-reversal

la e
E E ) Strong CP Puzzle "_D

_doE _doE D
[Fuyuto 18]

- Comparison with experiment: = [0| < 10~ '"

[Hook *18]
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The Axion

Minimal SM extension solving strong CP puzzle
[Kim 79;Shifman,Vainshtein,Zakharov 80]
« Add to SM a singlet complex scalar field o, featuring a
spontaneously broken global axial U(1)pq symmetry,

and an exotic quark 9 charggd under it:
2

v _
LD =X <|0|2—P7Q> +yo QrQr

[Raffelt]
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The Axion

[Kim 79;Shifman,Vainshtein,Zakharov 80]
« Add to SM a singlet complex scalar field o, featuring a
spontaneously broken global axial U(1)pq symmetry,

and an exotic quark 9 charggd under it:
2

v _
LD =X |0\2—P7Q +yo QrQr

» Features three particles beyond SM:

1. Excitation of angular field a : axion (NG-boson)
2. Excitation of modulus field p: m, = \/2A\,vpq
Y
3. Exotic quark: mg = EUPQ
1

o(2) = -1 (0 + p(x)) €9 /v
)= 75 |

[Raffelt]
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The Axion

[Kim 79;Shifman,Vainshtein,Zakharov 80]
« Add to SM a singlet complex scalar field o, featuring a
spontaneously broken global axial U(1)pq symmetry,
and an exotic quark Q charggd under it:

2
v = g
Lo = (lof =52 ) +y00L0s 0 AQ00000¢ g
» Features three particles beyond SM:
1. Excitation of angular field a : axion (NG-boson) o _‘Cf v Q
2. Excitation of modulus field p: m, = v/ 2A,vpq
, Y

3. Exotic quark: mg = EUPQ Q

« Integrating out the modulus and the exotic quark QW 9

[Chadha-Day, Ellis, Marsh, Science Advances 22]
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The Axion

[Kim 79;Shifman,Vainshtein,Zakharov 80]
« Add to SM a singlet complex scalar field o, featuring a
spontaneously broken global axial U(1)pq symmetry,
and an exotic quark Q charggd under it:

2
v _
Lo = |lef=22) +y00.0n g

. 2 _ Qg NQ
» Features three particles beyond SM: — =

1. Excitation of angular field a : axion (NG-boson) a QWUPQ
2. Excitation of modulus field p: m, = \/2\;VpQ e
Y
' : mgo = —=v
3. Exotic quark: Q 2 PQ
* Integrating out the modulus and the exotic quark, the g

dynamics of the axion is described by

1 a Sapr -
Log D 58%6’“@ 87‘(‘ faG G M with fa = ’UPQ/NQ
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The Axion

[Kim 79;Shifman,Vainshtein,Zakharov 80]
« Add to SM a singlet complex scalar field o, featuring a
spontaneously broken global axial U(1)pq symmetry,
and an exotic quark Q charggd under it:

2
(% _
LD =)\, W-PTQ +yoOr0n g
. Qg NQ
» Features three particles beyond SM: 2—
1. Excitation of angular field a : axion (NG-boson) a TUPQ
2. Excitation of modulus field p: m, = \/2\;VpQ e
Y
' : mo = —=v
3. Exotic quark: Q 2 PQ
* Integrating out the modulus and the exotic quark, the g

dynamics of the axion is described by

1 a Sapr -
Log D 58%6’“@ 87‘(‘ faG G M with fa = ’UPQ/NQ

«  ¢-parameter can be eliminated: a(z) — a(z) + 0 f,
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The Axion

[Kim 79;Shifman,Vainshtein,Zakharov 80]
« Add to SM a singlet complex scalar field o, featuring a

spontaneously broken global axial U(1)pq symmetry,
and an exotic quark Q charggd under it: V

2
(¥ _
LD =X \J\Q—PTQ +yo QrQr

» Features three particles beyond SM:
1. Excitation of angular field a : axion (NG-boson)
2. Excitation of modulus field p: m, = \/EUPQ
3. Exotic quark: mgo = %UPQ

* Integrating out the modulus and the exotic quark, the
dynamics of the axion is described by
1
Lo D 50"adua+ 7 ~.Ge, G with f, = vpq/No U
T Ja
«  ¢-parameter can be eliminated: a(z) — a(x) + 0 f, _ﬂ-fa 0 +7Tfa

« Shifted field (the axion) acquires mass from mixing with

neutral pion, mq ~ mx fz/fa: (a) =0, CP conserved
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The Axion

1 1 eC — 1 oua —
LD ——m2a2 NBDM wNO-,uJV/YS’QDNFM + Ca’y f F,UJI/F'UJV + = Caf— @DfV 75¢f

2 2 f
Nil’/> N P B
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The Axion

- _ = v F a FI/F'L”/ ~ a
S s B o Lo R O
Y a
~ \/z i me 10ev //,/’ ==
AR N6 V<> Ni—E\“’/» N ﬂj/‘:_: ____<

« Suppression by inverse power of symmetry breaking scale @ leads to tiny mass and feeble couplings to SM
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The Axion

PRI T B O B
/33—57”3@2—5 @ aYNOu YN ——F s 2‘—%‘7 Vs Yy

Ja 87 fa

iy 107
mazl\/sz %6meV<0G€V> \\b P I
+Z fCL fCL Ni > 4 > N

f

Z =My /mg >~ 1/2

« Suppression by inverse power of symmetry breaking scale f, leads to tiny mass and feeble couplings to SM

 Size of coefficients in vanilla axion models:

 EDM coupling: 2.4(1.0) x 1016 o (Pospelov.Ritz *00]
E

° i . 2 4 4
Photon coupling: : ¥ 31 + [Kaplan 85;Srednicki *85; Grilli di Cortona et al. *16]
= +z

* Nucleon couplings: W = O(1) [Grilli di Cortona et al. *16]
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The Axion

Expectations for axion couplings to SM particles

“Yellow bands” of vanilla axion couplings:

. CNEDM

fa
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[https://github.com/cajohare/AxionLimits]
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The Axion

Expectations for axion couplings to SM particles

There are axion models with enhanced C,, and/or C,y:

. CNEDM

fa
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Gan~y
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[https://github.com/cajohare/AxionLimits]
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The Axion

Expectations for axion couplings to SM particles

There are axion models with enhanced C,, and/or C,y, e.g. Monopole Philic (MP) axion
[Sokolov,AR, 2104.02574; 2109.08503; 2205.02605; 2303.10170]

P CNEDM _ Y 4 o — CanMmy,
an~y 7. Jay = o f, asy an —fa
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[https://github.com/cajohare/AxionLimits]
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The Axion

Expectations for axion couplings to SM particles

There are axion models with reduced (m.f.)/(mxfx)
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The Axion

Expectations for axion couplings to SM particles
There are axion models with reduced (. f.)/(m.fx), e.g. the Zy model, where (mafa)/(mxfr) ~ (my/mg)N
[Hook, 1802.10093; Di Luzio,Gavela,Quilez, AR, 2102.00012; 2102.01082]
Gy = ¢ INEDM Gor = = C G, = JanMn
Ja 27Tfa Ja
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Axion Experiments Not Relying on Axion Dark Matter
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Axion Experiments Not Relying on Axion Dark Matter

Searching for solar or home-made axions
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Axion Experiments Not Relying on Axion Dark Matter

Searching for solar or home-made axions

LD gag” aFWF“” = goyyaE-B
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Axion Experiments Not Relying on Axion Dark Matter

Searching for solar or home-made axions

LD gazv aFW]*:”“’ = goyyaE-B

 Helioscopes: [siiies3

d a

Sun 7%' : ngvw’v

oa ~*

1 P
Q, x gZ'y'yVG P(a’ - ’7) = Z (ga’Y’)’BLB)
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Axion Experiments Not Relying on Axion Dark Matter
Searching for solar or home-made axions . CAST @ CERN (2003 - 2015)

LD gczv aFWZ:"’“”” = goyyaE-B

 Helioscopes: [siiies3

d a

Sun 7%' : ngvw’y

oa y*

1 c
Q, x gZ'y'yVG P(a’ - ’7) = Z (ga’Y’YBLB)

» LHC test dipole magnet (B~9 T, L~ 10 m)
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Axion Experiments Not Relying on Axion Dark Matter

Searching for solar or home-made axions . BabylAXO in construction @ DESY: (1st data 2031?)

LD gag” aF,,F" = gy,aE B { [BabylAXO CDR: JHEP 05 (2021) 137]

 Helioscopes: [siiies3

d a

Sun 'VQA;\E' : ngvw’v

oa ~*

1 P
Q, x gZ'y'yVG P(a’ - ’7) = Z (ga’Y’)’BLB)

» Superconducting magnet featuring two flat
racetrack coils made from Niobium-Titanium wire

B~2T, L~10m, 2 bores with 70 cm diameter
« 2 X-ray telescopes + 2 detection systems
* Movable platform with service
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Axion Experiments Not Relying on Axion Dark Matter

Searching for solar or home-made axions - BabylAXO sensitivity forecast:

Lo g“f 0 FuF" =g aE - B

 Helioscopes: [siiies3

d a

Sun [y ' : ¥
Ze é B Bé 1079

oa ¥

A ¢
10~10 A AR
1 /5 4 g

2 1 p
(Da X ga'y'yVG P(a’ — 7) = Z (ga’Y’YBLB)
10-1

10—12

10—13

10—14

10—15

IIIIII|T| IIIIII|T| IIIIII|T| IIIIII|T| T
IIIIII|,|,| IIIIII|,|,| IIIIII|,|,| IIIIII|,|,| L1 1L

E

10_16 IIIIIILI] IIIIII_I_Ij IIIIIILI] IIIIIILI] IIIIII_I_Ij L1

107 1078 1077 1076 107 1074 1072 1072 107! 1 10
me(eV)

[IAXO Collaboration, JCAP 06 (2019) 047]
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Axion Experiments Not Relying on Axion Dark Matter

Searching for solar or home-made axions

LD gczv aFWF’“”” = goyyaE-B

* Helioscopes: [siiies3

d a
Sun [[v Wé ’ ' ngw gl
Ze & B
,.Y* ,.)/*
P x gor Ve Pla—7) ~ i (9aryBLB)*

« Light-shining through walls: (nseim 85; van Bibber 87]
a a

Laser ’Yw/\ANé > > gMM’Y
B B

y* v

< 1
Py —=a)~ (ga’Y’YBLB) Pla— )~ 1

1

1 (gcw*/-BLB)‘
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Axion Experiments Not Relying on Axion Dark Matter
Searching for solar or home-made axions . ALPS @ DESY (2007 - 2009)

LD gczv aFW]*:”“’ = goyyaE-B

* Helioscopes: [siiies3

a a
Sun [~ vNV\E ’ ' éwvw gl
Ze & B
,Y* ,.)/*
B < Gay Ve Pla—7) = i (9ars BL)* AP s
« Light-shining through walls: (nseim 85; van Bibber 87] S S .
) A
a a ks &
Laser 7 %Wé > > éﬂw Yy
B B
7, , B , « HERA dipole magnet (B~5T, L~ 9 m)
P(y = a) ~ — (gayyBLB)* P(a—7) ~ — (gayyBLB)*

4 4
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Axion Experiments Not Relying on Axion Dark Matter

Searching for solar or home-made axions

Lo Ja aFWF“” = goyyaE-B
° HeIioscopes: [Sikivie 83]
a a
Sun [~ ’ ' g/vvt ¥
Ze é - B

oa y*

2 1 <
Q4 X gayy Ve P(a =)= 7 (garr BLp)’

Light-shining through walls:

a a
Laser 7 %/\N% ' > gAM/‘ 0
B B
Fy*

,.y*
P(y —a) ~
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ALPS Il @ DESY [Bahre etal (ALPS Il TDR) 13]

12 + 12 straightened HERA magnets
[AR, Phys. Lett. B 569 (2003) 51]
Production Cavity
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Optical cavities both at production and rege-

neration sites
[Hogeveen,Ziegenhagen 91;Sikivie, Tanner,van Bibber 07]

Two detection techniques:

Heterodyne
Transition Edge Sensor (TES)
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Axion Experiments Not Relying on Axion Dark Matter

Searching for solar or home-made axions
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ALPS Il @ DESY [Bahre etal (ALPS Il TDR) 13]

Installation in HERA tunnel 2019-2022

First runs in 2023-2024 with cavity only at regene-
ration side

First science paper 2025
[ALPS Il Collaboration, 2512.14110 [hep-ex]]
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Axion Experiments Not Relying on Axion Dark Matter

Searching for solar or home-made axions
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Axion Experiments Not Relying on Axion Dark Matter

Searching for solar or home-made axions
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« Light-shining through walls: (nseim 85; van Bibber 87]
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Axion Experiments Not Relying on Axion Dark Matter

Searching for solar or home-made axions « ALPS Il current bound and 2028(?) sensitivity:
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Axion Experiments Not Relying on Axion Dark Matter

Searching for solar or home-made axions
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Axion Experiments Not Relying on Axion Dark Matter

Searching for solar or home-made axions
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WISPFI @ University of Hamburg  [Batilori et al., 2305.12969]
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Mach—Zehnder interferometer with one arm in a strong transverse
magnetic field
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Axion Experiments Not Relying on Axion Dark Matter

Searching for solar or home-made axions
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WISPFI @ University of Hamburg

In-line pump@ @

[Batllori et al., 2305.12969]
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* Mach—Zehnder interferometer with one arm in a strong transverse

magnetic field

* Photon-to-axion conversion causes photon disappearance in this

arm
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LD gczv aFWﬁ’“” = goyyaE-B
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WISPFI @ University of Hamburg

In-line pump@ @ IPDZ

[Batllori et al., 2305.12969]
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* Mach—Zehnder interferometer with one arm in a strong transverse

magnetic field

* Photon-to-axion conversion causes photon disappearance in this

arm

« Switching between two laser wavelengths modulates any axion-

induced photon disappearance at a known frequency
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«  WISPFI @ University of Hamburg  [Batlori et al., 2305.12969]
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LD gczv aFWﬁ’“” = goyyaE-B

° HeIioscopes: [Sikivie 83]
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WISPFI @ University of Hamburg  [Batllori et al., 2305.12969]
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* Mach—Zehnder interferometer with one arm in a strong transverse
magnetic field

* Photon-to-axion conversion causes photon disappearance in this
arm

« Switching between two laser wavelengths modulates any axion-
induced photon disappearance at a known frequency

» Hollow-core fiber (with effective mode index < 1) enables resonant
photon-axion conversion

» Gas pressure in the fiber tunes the resonance over 28 to 100 meV
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Axion Experiments Not Relying on Axion Dark Matter

Searching for solar or home-made axions - WISPFI prototype sensitivity forecast: [Batiori et al., 2510.01221]
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Axion Experiments Not Relying on Axion Dark Matter

Searching for solar or home-made axions - WISPFI prosp. with 9 T along 100 m: [Batiori et al., 2510.01221]
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Axion Dark Matter

DM production mechanisms support entire possible mass range
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Axion Dark Matter
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Axion Dark Matter
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Axion Dark Matter

DM production mechanisms support entire possible mass range
Preinflationary symmetry breaking: misalignment mechanism
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Axion Dark Matter Experiments
Wavy dark matter

« Axion DM experiments rely on assumption that the dark matter halo of the Milky Way is comprised of axions
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Axion Dark Matter Experiments

« Axion DM experiments rely on assumption that the dark matter halo of the Milky Way is comprised of axions

* When presenting (projected) limits on halo dark-matter axion couplings it is assumed that

halo

pa = PRy ~ 0.3GeV cm ™
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Axion Dark Matter Experiments

« Axion DM experiments rely on assumption that the dark matter halo of the Milky Way is comprised of axions

* When presenting (projected) limits on halo dark-matter axion couplings it is assumed that
pa = piale ~ 0.3 GeVcm ™3

« Large density variations in the initial state of the axion field in the post-inflationary scenario lead to the formation of compact dark matter
objects known as “miniclusters”. These objects lead to an increased theoretical uncertainty in the local axion density for dark matter
detection in the laboratory.
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Axion Dark Matter Experiments

« Axion DM experiments rely on assumption that the dark matter halo of the Milky Way is comprised of axions

* When presenting (projected) limits on halo dark-matter axion couplings it is assumed that
pa = piale ~ 0.3 GeVcm ™3

« Large density variations in the initial state of the axion field in the post-inflationary scenario lead to the formation of compact dark matter

objects known as “miniclusters”. These objects lead to an increased theoretical uncertainty in the local axion density for dark matter
detection in the laboratory.

« The velocity dispersion of halo dark-matter axions is given by the galactic virial velocity, implying a macrosco-
pic de Broglie wave length, Aag = 27/(m4v,) ~ km (,MGV/?TLCL)(IO_3 c/v,), and a huge occupation number per

de Broglie volume, oV 4
N, lap= na Mg ~ 103 Pa HeY
0.3 GeV /cm3 Me
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Axion Dark Matter Experiments

« Axion DM experiments rely on assumption that the dark matter halo of the Milky Way is comprised of axions

* When presenting (projected) limits on halo dark-matter axion couplings it is assumed that
pa = piale ~ 0.3 GeVcm ™3

« Large density variations in the initial state of the axion field in the post-inflationary scenario lead to the formation of compact dark matter
objects known as “miniclusters”. These objects lead to an increased theoretical uncertainty in the local axion density for dark matter
detection in the laboratory.

« The velocity dispersion of halo dark-matter axions is given by the galactic virial velocity, implying a macrosco-
pic de Broglie wave length, Aag = 27/(m4v,) ~ km (,MGV/?TLCL)(IO_3 c/v,), and a huge occupation number per

de Broglie volume, oV 4
N, lap= na Mg ~ 103 Pa HeY
0.3 GeV /cm3 Me

« Correspondingly, halo dark-matter axions behave as an approximately spatially homogeneous and monochro-
matic classical oscillating field,

a(t) = \/2p, cos(mqt) /myg
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Axion Dark Matter Experiments
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Axion Dark Matter Experiments

« Cavity concept: DM axion converts into photon in micro-
Dark matter mass . . . . g
A T wave cavity placed in magnetic field [Sikivie 83]
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Axion Dark Matter Experiments
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Cavity concept: DM axion converts into photon in micro-
wave cavity placed in magnetic field [Sikivie 83]
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Axion Dark Matter Experiments

Cavity concept: DM axion converts into photon in micro-
wave cavity placed in magnetic field [Sikivie 83]
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Axion Dark Matter Experiments

Axion DM cavity experiments have dipped already deep in axion band:
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Axion Dark Matter Experiments

Axion DM cavity experiments have dipped already deep in axion band:
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Axion Dark Matter Experiments

Axion DM cavity experiments have good prospects to probe entire
band in mass range peV S mg S 100 peV:
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Axion Dark Matter Experiments

» Dish/reflector concept: [Horns,Jaeckel Lindner,Lobanov,Redondo,AR 13]
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Axion Dark Matter Experiments

» Dish/reflector concept: [Horns,Jaeckel Lindner,Lobanov,Redondo,AR 13]
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Axion Dark Matter Experiments
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Dish/reflector concept: [Horns,Jaeckel, Lindner,Lobanov,Redondo,AR 13]

* In external magnetic field, axion DM induces tiny oscillating electric field

« At a conducting surface, the boundary condition (£ = 0) requires emiss-
ion of a real EM wave, approximately normal to the surface

» A shaped surface/reflector focuses this broadband signal onto a receiver;
the signal power scales with emitting area and Bﬁ
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Axion Dark Matter Experiments
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* Dish/reflector concept:

[Horns,Jaeckel,Lindner,Lobanov,Redondo,AR 13]

In external magnetic field, axion DM induces tiny oscillating electric field

At a conducting surface, the boundary condition (£} = 0) requires emiss-
ion of a real EM wave, approximately normal to the surface

A shaped surface/reflector focuses this broadband signal onto a receiver;
the signal power scales with emitting area and Bﬁ

» Dielectric haloscope concept:
[Jaeckel,Redondo 13; Millar,Raffelt,Redondo,Steffen 16]

Interfaces between media with different permittivities ¢ produce discon-

tinuities in the axion-induced field E,
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Axion Dark Matter Experiments
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e Dish/reflector concept; [Horns,Jaeckel,Lindner,Lobanov,Redondo,AR 13]

* In external magnetic field, axion DM induces tiny oscillating electric field

« At a conducting surface, the boundary condition (£ = 0) requires emiss-
ion of a real EM wave, approximately normal to the surface

» A shaped surface/reflector focuses this broadband signal onto a receiver;
the signal power scales with emitting area and Bﬁ

» Dielectric haloscope concept:
[Jaeckel,Redondo 13; Millar,Raffelt,Redondo,Steffen 16]

» Interfaces between media with different permittivities ¢ produce discon-
tinuities in the axion-induced field £,

 Each interface emits EM waves; the waves are transmitted and reflected

by the disk stack
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Axion Dark Matter Experiments

e Dish/reflector concept: [Horns,Jaeckel,Lindner,Lobanov,Redondo,AR 13]
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Dark matter mass [eV]
DESY. | Axion Physics and Detection | Andreas Ringwald, University of Sheffield, United Kingdom, 22-26 June 2026
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Axion Dark Matter Experiments

e Dish/reflector concept: [Horns,Jaeckel,Lindner,Lobanov,Redondo,AR 13]
Dark matter mass
zeV aeV feV eV neV eV meV eV . . . . . . . . .
: : E : = —p - - * In external magnetic field, axion DM induces tiny oscillating electric field
cale e
e e e e e e e e S e « At a conducting surface, the boundary condition (£ = 0) requires emiss-
we  mie M W M é’éiqfe“fy@ﬂ Z”I ion of a real EM wave, approximately normal to the surface
e oty v ek b mn, Coherence time ~ (o)l « A shaped surface/reflector focuses this broadband signal onto a receiver,;
T T T | || Qotabrenes fongets L oy the signal power scales with emitting area and Bjf
pe mpe AIU Ro Rﬁ; 100|km krln m cm . .
e « Dielectric haloscope concept:
DN [Jaeckel,Redondo 13; Millar,Raffelt,Redondo,Steffen 16]
Axion-vhm; aIlth Bireﬁmgentcam'y ed|1 Cavities/lk Dih/efectr ) » Interfaces between media with different permittivities ¢ produce discon-
Lumped element Dielectric haloscope . g . . . .
o | et B B = tinuities in the axion-induced field E.,
Axion-fermion Magnons . . .
Comagnetometers | « Each interface emits EM waves; the waves are transmitted and reflected
. | R by the disk stack
Nucleon EDMs . . . . . .
[Nodeon EDM: _| | R « By tuning the disk spacings, the emitted waves interfere constructively
D““Ph"mn T Caviﬁej Lii/f:jed over a chosen frequency band, boosting the signal strength
umped element c haloscope
L — swpemesen | e - Moving the disks shifts the boosted band and scans the axion mass
| Atom interferometry | i
Atomic/nuclear clocks ‘ T T TT—TT T T T TT TT T B,
Vectors | Torsion balance | —EE .
| Optical interferometers | Optomechanical | |
Atom interferometry ‘ ] .
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Dark matter mass [eV]
DESY. | Axion Physics and Detection | Andreas Ringwald, University of Sheffield, United Kingdom, 22-26 June 2026
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Axion Dark Matter Experiments

Variety of experimental techniques

Dark matter mass

zeV aeV fev peV neV peV meV
1 1 1 1 1 1

10%7 1026 102° 102* 102 1022 102! 102 10" 10'8 10'7 106 10'5 104 10" 10'2 10! 1010 10° 108

PQ Scale [GeV]

ol vl v vl 3l vl v sed e vl vl vl v vd e vl ol e ol s 1

107
ul

Frequency =m/2m
p}IIZ mII-IZ I—{z k];IZ Mflz GII-IZ TII-IZ
Coherence time ~ (mv?)~!
104l yr century | yr welek hlr mlin s ms HS
Coherence length ~ (mv)~!
pe mpe AIU Ro RI@ 100|km ktln m cm
-
LUZZ:
DV hale
Axion-photon | Birefringent cavity | Cavitiesf| Dish/reflector

Earth | Lumped element Dielectric haloscope|
CMB | SRF upconversion |

Axion-fermion Magnons

Comagnetometers |
| NMR |
Axion-EDM
Nucleon EDMs
| NMR
Dark photon Cavities | Dish/reflector
| Lumped element | Dielectric haloscope
| SRF upconversion | |Plasma|
Scalars | Mechanical resonators |
| Atom interferometry |
Atomic/nuclear clocks ‘
Vectors | Torsion balance |
[ Optotmriomers [Pzt
Atom interferometry |

N0 9 4B 4T 6 5 Ak 4 4 9 8 1 e 5 & 3 3
A R0 A e 0 e e 0 e e e e A0 40T A0 40T A0 40T 40T A0 40

Dark matter mass [eV]

3 \00

Dish/reflector example:

BREAD proposal

DESY. | Axion Physics and Detection | Andreas Ringwald, University of Sheffield, United Kingdom, 22-26 June 2026

Coaxial dish antenna allows use of solenoidal magnetic field

[Liu et al., 22]
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Axion Dark Matter Experiments

Variety of experimental techniques

zeV

Dark matter mass

aeV fev peV neV
1 1 1

nev meV
| 1

sl ol 1

d i

10% 1026 10% 10 102 102 102! 102° 10 108 10'7 1016 105 104 1013 10'2 10! 1010 10° 108 107)
L vl vl veod vl v v vl vl vl sl 1

PQ Scale [GeV]

sud vl vl vl vl vl ol

Frequency =m/2m

p}IIz mII-Iz I‘{Z k];IZ MFZ GII-IZ TII-IZ
Coherence time ~ (mv?)~!
104|yr century | yr welek hlr mlin s ms HS
Coherence length ~ (mv)~!
pc mpc AU Ro Rg 100 km km m cm
1 1 1 1 1 1 1
. Blacks
SUZZ3y hole
M
. Spins;
Axion-photon | Birefringent cavity | Cavitiesf| Dish/reflector
Earth | Lumped element Dielectric haloscope|
CMB | SRF upconversion |
Axion-fermion Magnons
Comagnetometers |
| NMR |
Axion-EDM
Nucleon EDMs
| NMR
Dark photon Cavities | Dish/reflector
|Lumpede1ement | Dielectric haloscope
| SRF upconversion | |I’lasma|
Scalars | Mechanical resonators |
| Atom interferometry |
Atomic/nuclear clocks ‘
Vectors | Torsion balance |
| Optical interferometers | C;tdmnmenlmwcul
Atom interferometry
W UL TR TVUNY TIURR VR CYAUY_TTTO T TTTA T TTTON TS TR TR TR TR Ty o,
A0TTA0T A0 A0 40T A0 A0 407 A0 407 40T A0 A0 40T 407 40T 40T 407 40T 407 40 A0

Dark matter mass [eV]

Dish/reflector example:

BREAD proposal

GigaBREAD @ Argonne:

[Liu et al., 22]

Coaxial dish antenna allows use of solenoidal magnetic field

[GigaBREAD Coll., PRL 134, 171002 (2025)]

 Room temperature pilot experiment within 3.9 T solenoid

Axion-like Particle

DESY. | Axion Physics and Detection | Andreas Ringwald, University of Sheffield, United Kingdom, 22-26 June 2026
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Axion Dark Matter Experiments

Variety of experimental techniques Dish/reflector example:
Dark matter mass
zeV aeV fev peV neV peV meV L t I 2 2
1 1 1 1 1 1 iu e a .
=y BREAD proposal [ ]
LT L0 10T 107 107 0% 17 0% 107 100 107 107 10T 100 ot 10 1ot 10 101 1
Frequency = m /2 « Coaxial dish antenna allows use of solenoidal magnetic field
p}IIz . . mII-Iz ‘ ‘ I‘{Z . . kI;IZ . . Mflz . . GII-IZ . . TII-IZ . .
oy v ek b Colerencetime o (mo?) ! GigaBREAD @ Argonne demonstrated feasibility of proposal:
Coherence length ~ (1mv)! [GigaBREAD Coll., PRL 134, 171002 (2025)]
pc IIIIPC AIU Ro RlQ; 100|km k{n m crln
DM @%@%Z P 6.0 %1011 (a) Limit on ALP-Photon Coupling 10-10 (b) Haloscope Limits on the ALP-Photon Coupling
: CAST utroni Stars utron|Stars
Axion-photon | Birefringent cavity | Cavitiesf| Dish/reflector ) o L= i [T
— =55 — ‘
Earth | Lumped elem‘ent Dielectric haloscope | . ~jpn i
CMB | SRF upconversion | > 50 clusters > Pulsars A
Axion-fermion Magnons 8 ' 8 i Z
Comagnetometers | = 45 ~ 10712% o
S = =
Axion-EDM S 4.0 S 10713 4
Nucleon EDMs 50 0
| NMR %035 2 ]
Dark photon Cavities | Dish/reflector i =
3.0 o ]
| Lumped element | Dielectric haloscope 8 NTSTAR g ]
| SRF upconversion | |Plasma| O 254 @) 10*153
Scalars | Mechanical resonators | //sz ; 0o = 0.45 GeV cm 3
|A1hominterferometry | T T T T T T L S B B B | T T LI T T
‘Atomic/muclear dlocks | 4 46 48 50 52 54 10-° 104
Vectors | Torsionbalance | ALP mass m, [ueV] ALP mass m, [eV]
| Optical interferometers | Optomechanical
Atom interferometry
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Dark matter mass [eV]
DESY. | Axion Physics and Detection | Andreas Ringwald, University of Sheffield, United Kingdom, 22-26 June 2026 Page 73

\Q/A‘ XQ/?’ XQJL XQ/X XQQ



Axion Dark Matter Experiments

Variety of experimental techniques

Dark matter mass
zeV aeV fev peV neV peV meV eV
1 1 1

L L ' GHz THz

Dish/reflector prospects:

PQ Scale [GeV] 10_9
27 26 25 24 3 122 21 20 19 18 17 16 15 14 13 12 11 10 9 8 7| p—
AR AR AR AR A A T A AR A A AR AR (0 — CAST
Frequency = m/2m I _ Neutron
uHz mHz Hz kHz MHz Gqu yTHZ > 10 10 stars G}Oblll a5
U O P NN R R : ciusters,
Coherence time ~ (mv?)~! <> SNSRI ”r E5E ST i fo et AP
104l yr century | yr welek hlr mlin s ms HS 11 : e, g
10 Sun 5
Coherence length ~ (mv)~! s Pl E =
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| | | | | | | | ’
Blagk S L oogp WD 2 : o]
Euzz 10 =
2 %) = & N LAMPOST
| SPINS = Z
. ~ - £
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Earth |Lu.mped element Dielectric haloscope| g 10—13 q kA 1004 = Ui ‘,0‘\.
q = S ’ s 7
CMB | SRF upconversion | %‘j oy = ( L _)- JE % * £
Axion-fermion Magnons — . 2 lin E e N
Comagnetometers | Q"‘ —14 2 3 =M =
5 10 = <DC Q 15z 3
T - ] - -
Axion-EDM @) ] S Legph ”
Nucleon EDMs o 15 N % S >
p— e 1 1
| g 10 E Q\)P» 25 :;.;"
Dark photon Cavities ” Dish/reflector o = R :l' 5] ,z’éﬂ\
|Lumpedelement | Dielectric haloscope ) 16 1 L/,Ji/éi/ // B
| | SRF upconversion | | | Plasmal Q 107° 4 ,«g\o o
Scalars Mechanical resonators ( : P
i PN\ g _ -3
[ Atom interferometry | m _ pDM, local — 0.3 GeV cm
Atomic/nuclear clocks ‘ 1 0 —17
Vedtors | — | | |||||||6 | | |||||||5 | | |||||||4 | | |||||||3 | | ||]||||2 | | ||]]T||1
T 10~ 10~ 10~ 10~ 10~ 10—
| Optical interferometers | w

. . . - . o o Axion mass, m, [eV]
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Axion Dark Matter Experiments

Variety of experimental techniques

Dark matter mass

Dielectric haloscope example:

zeV aeV fev peV neV peV meV eV
' ' ' ' ' ' MADMAX [MADMAX Coll., Eur.Phys.J.C 79 (2019) 3, 186]
PQ Scale [GeV]
10%7 10% 10% 102* 10?2 10% 102! 102 10" 10'® 1017 10'¢ 10'% 10" 10" 10'2 10! 100 10° 10® 107
FRTITT IETTTTT WYY MRWETTTT MERTTTT MRRETTY MARTITT MURTTITT RTTT MERATTT MURTTTT MERETTTT MRRTTTT MARTITT MURTTTT MURTTTT WERTTTT MURTITT MURTTTT MARRTHT WERTIN
Frequency =m/2m * 1 O T magnet
p}IIZ . . mII-IZ ‘ ‘ I—{z . . k];IZ . . Mflz . . GII-IZ . . TII-IZ . .
Coherence time ~ (o)1 » Large number of adjustable dielectric disks
104l yr century | yr welek hlr mlin s ms HS
Coherence length ~ (mv)~!
pe mpe AIU Ro RI@ 100|km ktln m cm
. e A\AAD |) IV Ax
i lucls 2m
P R :
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Comagnetometers |
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Axion-EDM
Nucleon EDMs
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Dark photon Cavities || Dish/reflector
| Lumped element | Dielectric haloscope
| SRF upconversion | |Plasma|
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| Atom interferometry |
Atomic/nuclear clocks ‘
Vectors | Torsionbalance | 80 adjustable Separate
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Axion Dark Matter Experiments

[MADMAX Coll., Eur.Phys.J.C 79 (2019) 3, 186]

Prototype tests and science runs with MORPURGO magnet @ CERN

Variety of experimental techniques Dielectric haloscope example:
Dark matter mass
zeV aeV fev peV neV peV meV eV
1 1 1 1 1 1
PQ Scale [GeV] MAD MAX
10%7 1026 10% 10%* 102 102 102! 10% 10'? 108 107 106 10> 10 10" 10'2 10! 1010 10° 10® 107
FRTITT IETTTTT WYY MRWETTTT MERTTTT MRRETTY MARTITT MURTTITT RTTT MERATTT MURTTTT MERETTTT MRRTTTT MARTITT MURTTTT MURTTTT WERTTTT MURTITT MURTTTT MARRTHT WERTIN
Frequency =m/2m
p}IIz . . mII-IZ ‘ ‘ I‘{Z . . k];IZ . . MFZ . . GII-IZ . . TII-IZ .
Coherence time ~ (mv?)~!
lO4| yr century | yr welek hlr mlin s ms HS
Coherence length ~ (mv)~!
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CMB | SRF upconversion |
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Comagnetometers |
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Axion-EDM
Nucleon EDMs
| NMR
Dark photon Cavities | Dish/reflector
|Lumpede1ement | Dielectric haloscope
| SRF upconversion | |Plasma|
Scalars | Mechanical resonators |
| Atom interferometry |
Atomic/nuclear clocks
Vectors | Torsion balance |
| Optical interferometers | Optomechanical
Atom interferometry
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Dark matter mass [eV]
DESY. | Axion Physics and Detection | Andreas Ringwald, University of Sheffield, United Kingdom, 22-26 June 2026
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Axion Dark Matter Experiments

Variety of experimental techniques Dielectric haloscope example:
Dark matter mass
zeV aeV fev peV neV peV meV eV
1 1 1 1 1 1
Tobod MADMAX [MADMAX Coll., Eur.Phys.J.C 79 (2019) 3, 186]
cale [Ge
10IZ7 10‘26 1%25 1(3[24 1OIZS 10IZZ 1(121 10‘20 10‘19 10II18 10]17 10Ilé 1(115 10‘14 10‘13 10I12 10[11 1(110 1(‘)9 1?8 10I7
Frequency = m1/27t Prototype tests and science runs with MORPURGO magnet @ CERN
p}IIZ mII-IZ I—{z kI;IZ Mflz GII-IZ TII-IZ
" | Coherence time ~ (m7?)"! First search published:
T centl-ury yr welek hlr fuin B ms us
PHYSICAL REVIEW LETTERS 135, 041001 (2025)
Coherence length ~ (mv)~!
pe mpe AIU Ro Rl@ 100|km krln m cm
Blacld
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Axion-photon | Birefringent cavity | Cavities{” Dish/reflector B. Ary dos Santos Garcia,' D. Bergermann,' A. Caldwell,> V. Dabhi,’ C. Diaconu,’ J. Diehl,®> G. Dvali,” J. Egge,*
Earth |Lu.mped element Dielectric haloscope E. Garutt.i,4 S. Heymjnck,5 F. Hubaut,3 A. Ivanov,2 J. Jochum,6 S. Knirck,7 M. Kra.rner,5 D. Kreikemeyer—Lorenzo,2
CMB | SRF upconversion | C. Krieger," C. Lee,”" D. Leppla-Weber,® X. Li,>" A. Lindner,® B. Majorovits,” J. P. A. Maldonado,” A. Martini,®
Axion-fermion Magnons A. Miyazaki,’ E. Oz,' P. Pralavorio,’ G. Raffelt,” J. Redondo,'® A. Ringwald,® J. Schaffran,® A. Schmidt®," F. Steffen,’
C. Strandhagen,6 I. Usherov,® H. Wang,l and G. Wieching5
Comagnetometers |
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Axion-EDM
Nucleon EDMs
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|Lumped element | Dielectric haloscope
| SRF upconversion | |Plasma|
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| Atom interferometry |
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|__optale (e N Y | < | < | |
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Axion Dark Matter Experiments

Dark matter mass

Dielectric haloscope example:

zeV aeV fev peV neV neVv meV eV
1 1
' ‘ ' ‘ MADMAX [MADMAX Coll., Eur.Phys.J.C 79 (2019) 3, 186]
PQ Scale [GeV]
10IZ7 10‘26 10IZS 10|24 10|23 10IZZ 1(}21 10‘20 1%19 10[18 10]17 10Ilé 1(}15 10‘14 10‘13 10IlZ 10[11 10[10 1?9 1?8 10I7
Frequency = /27t Prototype tests and science runs with MORPURGO magnet @ CERN
p}IIZ mII-IZ I—{z kIIIz Mflz GII-IZ TITIZ
" | Coherence time ~ (1o?) ! First search published:
T centl-ury yr welek hlr fuin B ms us
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CMB | SRF upconversion | ‘Plas :>_ ! .,
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Axion-EDM =y . ""'--..___ ,’:// I \\;. ...."'~. i
Nucleon EDMs Q I L e 1 g g .. e | eI
O e L il s . ~ al
| NMR = bl i = e I8 o '.. g o
Dark photon Cavities | Dish/reflector 8 ‘e, r Te.
| Lumped clement | Dielectric haloscope 2 w 95% CL upper limit w
| SRF upconversion | ‘Plasma| A b L ) o T
Scalars | ‘Mechanical resonators [ .g 10-11 - = = expected median limit
| Atom interferometry | > ] 16% to 84% limit range
Aﬁ@mﬂ@/n‘&ﬂd@aﬁf C]]'Mks ‘ 1 1 I 1 1 I ,I ,, 1 1 1 1 1 1
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| Optical interferometers | Optomechanical Axion Mass m, [peV]
Atom interferometry ‘
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DESY. | Axion Physics and Detection | Andreas Ringwald, University of Sheffield, United Kingdom, 22-26 June 2026

Dark matter mass [eV]

[MADMAX Collaboration, PRL 135, 041001 (2025)]
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Axion Dark Matter Experiments

Variety of experimental techniques Dielectric haloscope prospects:
Dark matter mass
zeV aeiV felV pelV neiV pele mleV eV GHZ THZ
PQ Scale [GeV] 10_9
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| SRF upconversion | |Plasma| O 10—16 = /fog e
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Dark matter mass [eV] [https://raw.githubusercontent.com/cajohare/AxionLimits/master/plots/plots_png/AxionPhoton_Closeup_AltColours.png]
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Axion Dark Matter Experiments

Dark matter mass

zeV aeV fev peV neV peV meV eV
PQ Scale [GeV] Lumped element concept: [Sikivie,Sullivan, Tanner 14; Kahn,Safdi,Thaler *16]
10|27 10‘26 1%25 10[24 10|23 10|22 1(121 10‘20 10‘19 10IlS 10]17 10|16 1(}15 1(}14 10‘13 10I12 10[11 10[10 1?9 1?8 10I7
Frequency = /27t » In a static magnetic field B,
p}IIZ . . mIl-IZ ‘ ‘ I—{z . . kI;IZ . . Mflz . . GII-IZ . . TII-IZ . .
Coherence time ~ (110?)-] the oscillating axion DM field acts as
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e e | Lot limit, sources a tiny oscillating mag-
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Axion Dark Matter Experiments

Dark matter mass
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Axion Dark Matter Experiments

Variety of experimental techniques

Dark matter mass
zeV aeV fev peV neV peV meV eV
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Lumped element examples:
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Axion Dark Matter Experiments

Lumped element prospects:

Dark matter mass
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Axion Dark Matter Experiments

Dark matter mass

1

zeV aeV fev peV neV nev meV eV
1 1 1

10%7 1026 10% 10%* 10% 10?2 102! 10% 10'% 10'8 107 10'¢ 10'% 104 103

ol vl vowd v vl o vvd el v vl 3l ol 3l sod el ol

PQ Scale [GeV]

102 10! 1010 10° 108 107
Lol vvod vl vl vl

Frequency =m/2m

p}IIZ . . mIl-IZ ‘ ‘ I—{z . . kIIIz . . Mflz . . GII-IZ . . TITIZ .
Coherence time ~ (mv?)~!
104I yr centl'ury ylr welek hlr mlin ? rr|1$ ].1|s
Coherence length ~ (mv)™!
plc rrl1pc AIU Rg RIéE 100|km krln r? crln
Euzzy hole
DM
Axion-photon | Birefringent cavity | Cavities ” Dish/reflector
IM |Lu.mped element | Dielectric haloscope
CMB | SRF upconversion | ’Plasma|
Axion-fermion Magnons
Comagnetometers |
| NMR |
Axion-EDM
Nucleon EDMs
useenEONe ()
Dark photon Cavities | Dish/reflector
| Lumped element | Dielectric haloscope
| SRF upconversion | ‘Plasma|
Scalars | Mechanical resonators |
| Atom interferometry |
Atomic/nuclear clocks ‘
Vectors | Torsion balance |
| Optical interferometers | Optomechanical
Atom interferometry |

A 90 9 8 AT 46 5 A o 0 9 8 T 6 5 & 3 2 A @
A0 R0 A 0 0 e 0 e e e e e A0 40T A0 40T A0 40T 40T 40 40 A0

Dark matter mass [eV]

NMR for EDM coupling concept:

[Graham,Rajendran 13; Budker et al. 14]

« Axion DM field acts as an oscillating effective NEDM:
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Axion Dark Matter Experiments

NMR for EDM coupling concept: [Graham,Rajendran 13; Budker et al. 14]
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Axion Dark Matter Experiments

NMR for EDM coupling concept: [Graham,Rajendran 13; Budker et al. 14]
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Axion Dark Matter Experiments

NMR for EDM coupling concept: [Graham,Rajendran 13; Budker et al. 14]
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Axion Dark Matter Experiments

NMR for EDM coupling concept: [Graham,Rajendran 13; Budker et al. 14]
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Axion Dark Matter Experiments

Variety of experimental techniques

Dark matter mass
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Axion Dark Matter Experiments
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Conclusions

« Axion remains one of the theoretically best motivated dark matter candidates
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Conclusions

« Axion remains one of the theoretically best motivated dark matter candidates

« World-wide vigorous experimental activity on axion searches exploiting different techniques and couplings:

MADMAX ALPS
v IAXO -
PS
5 7 SuperMAG,
, _ : LOFAR H e GNOME
Y o £ - (Globe)
ESt-Wash ARIADNE . WX\ £ °‘,2::’°
1 Andq;x SQ;AD SuperCDMS FUNK
ORPHE BREA SENSEI ‘ : RADES
LIGo §/ SO snNo . BASE
-\ DarksRF HAYSTAC CAST SHAHNE
— [ SuarT CROWS X
DM-Radio~ )~ " ¥ . < CASPEr R o.ypy ChangE
oum.lpmnz4‘ SNIPE 'ABRACADABRA nmznm ARGO \smmn:
Dark E-field Radio S \'-"‘"‘“' /Pvus Rediofnion ~ NASDUCK >
BACON ' ALPHA ;5 TADMX / "FLAsit/ XENON PandeX—/  ~
DALI DarkSide FAST:
A MuDHI “! TASEM
o
Axion _~ PoLARBEAR ~
N - UPLOAD/DOWNLOAD
Dark photon - 4 ORGAN -
(MUSE/
(Antarctica)

Scalar/vector e micep

[https://raw.githubusercontent.com/cajohare/AxionLimits/master/plots/Wavy Map.png]

DESY. | Axion Physics and Detection | Andreas Ringwald, University of Sheffield, United Kingdom, 22-26 June 2026 Page 92



Conclusions

« Axion remains one of the theoretically best motivated dark matter candidates

« World-wide vigorous experimental activity on axion searches exploiting different techniques and couplings:
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« The coming years will probe large parts of well-motivated axion parameter space — discovery potential is real
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« Axion remains one of the theoretically best motivated dark matter candidates

« World-wide vigorous experimental activity on axion searches exploiting different techniques and couplings:
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« The coming years will probe large parts of well-motivated axion parameter space — discovery potential is real

Stay tuned!
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Axion Experiments Not Relying on Axion Dark Matter

Crystal-assisted X-ray LSW concept:
[Buchmuller & Hoogeveen, Phys. Lett. B 237 (1990) 278]

7 Jary aF,,F" =g, oE-B « Use intense X-ray beam instead of an optical laser

« In a crystal, strong microscopic electric field of the lattice

* Helioscopes: sikivie a3 acts as external field for Primakoff conversion:

d a \Eeﬂ
, , Laue
v ‘N\AE g/\w v Crystal Y
Ze % B o I:I
Shield N ]
- % . Imaging
g i ) \%9 Detector

2 . 1 <
Qo X gayy Ve Pla— ) ~ I (garyBLB)

Laue Y a
Crystal

« Light-shining through walls: (nseim 85; van Bibber 87]

a a R 2
! WE | ' gw ! « Coherent conversion occurs when the crystal satisfies a
v*B Bw* Bragg/Laue momentum-matching condition.
P(y = a) ~ i(g,mBLB)i Pla—~) ~ i (Guyy BLE)'

An absorber blocks ordinary X-rays

Second aligned crystal converts axions back into X-rays:

Look for regenerated X-rays downstream of the wall.

« Rotating/detuning the crystals scans the ALP mass.
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Axion Experiments Not Relying on Axion Dark Matter

Searching for solar or home-made axions Experimental status of crystal-assisted X-ray LSW:

LD gczv aFWF“” = goyyaE-B

[Yamaiji et al., Phys. Lett. B 782 (2018) 523;
Halliday et al., PRL 134 (2025) 055001;

' Heaton et al., 2603.15808
* Helioscopes: [Sikivie 83] eatoneta ]

-1
a a 10 \
Sun 0 vN\/\E ' ' gwwx ~y §
\
Ze % - B §
D, Zwv_ “ L )’ -2 | \ I
9 ¢ Pla—7) 1 (9ayyBLB) : 10 g N 1 =
[ B
* Light-shining through walls: [anseim g5; van Bibber 87] > Yamaji + g
O i
a a — Battesti+ ./ =
Laser 7 WW% > gw g 1073; o ||
B B o> EuXFEL ofle |5 |o
v v 7 < 2k
P(y —a) ~ i (Qaw'yBLB): Pla — ) ~ i (gcwaLB): ___________________________ ;o '_-_-_!\I_A__6-4-_-_-<_-_-
._....._....._....._....._....._.........._....T...._....T...._...:....,. .......................... o —————— Ea_Ba_r
10—4.
1073 1072 10! 1Q° 101 102 103 104

M, [eV]

[Halliday et al., PRL 134 (2025) 055001]
DESY. | Axion Physics and Detection | Andreas Ringwald, University of Sheffield, United Kingdom, 22-26 June 2026
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Jary aFWﬁ’“” = govvaE-B

LD

HeIioscopes: [Sikivie 83]

')’v/\/\Né §W7
Ze & B

,7* 7*

d da

2 1 <
Py X gy Ve Pla— ) ~ 1 (gavyBLB)

« Light-shining through walls: (nseim 85; van Bibber 87]

a da
’YV\ANé ' . gNVV‘-’Y
B B

v ~*
Pa =) = ; (6 BLp)

1 <
P(’Y — a) =~ 1 (gaw'yBLB)

DESY. | Axion Physics and Detection | Andreas Ringwald, University of Sheffield, United Kingdom, 22-26 June 2026

Experimental status of crystal-assisted X-ray LSW:

-3
a) 107 TEgwFED —~[ TT]
] EUXFEL
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o ]
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b)
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>
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> KSVZ
LE S
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3460 3470 3480 3490
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[Heaton et al., 2603.15808]
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Searches for axion mediated forces

Shiclding

« Experiments searching for axion mediated forces
particularly effective in meV mass range

 Monopole-dipole interaction between nucleon
and fermion:

g N7 ga,ff ma 1 p— A A
Um L di — “ZaNN = M T .
on—dip(7) 87 ( " + 7“2) e (6-7)

Lint = 9% a NN — LGarfafysf

 Proposed ARlADNE expeljlment searches for for- FIG. 1 (color online). A source mass consisting of a segmented
ces between a rotating cylinder, made of unpola- cylinder with n sections is rotated around its axis of symmetry
rlzed materlal, and a Vessel Contalnlng hyper_ at frequency Doty which results in a resonance between the

frequency w = nw,, at which the segments pass near the sample

and the resonant frequency 2y - I§ext/ h of the NMR sample.

« Since 3He magnetic moment dominated by neutron Superconducting cylinders screen the NMR sample from the
contribution: sensitive to monopole-dipole interac- source mass and (not shown) the setup from the environment.

tion between nucleus and neutrons,

polarized 3He gas

9— Yann | [Arvanitaki, Geraci 14]
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Axion Experiments Not Relying on Axion Dark Matter

« Experiments searching for axion mediated forces

PQ Axion f, in GeV
particularly effective in meV mass range 0 1010 (o 1012
 Monopole-dipole interaction between nucleon
. Experimental Bounds
and fermion: 02| ,
g _ gaff—, ma 1 \strophysical and Experimental Bounds
U _di r) = aN N + _ e—mar O’\_ . ,”,\,
mon lp( ) 87Tmf r ,',.2 ( ) 10-30 1
Lint =9 0NN —iggprafysf e ol e

1077

* Proposed ARIADNE experiment searches for for-

36 -
ces between a rotating cylinder, made of unpola- 1070 =
rized material, and a vessel containing hyper-
polarized 3He gas 10~

" —

" — _SQUID S Sk o
- §._.£“.Sﬂvgyri2ited
" —

Frojected Reger,

« Since 3He magnetic moment dominated by neutron
contribution: sensitive to monopole-dipole interac-
tion between nucleus and neutrons,

gm ganﬁ ‘

DESY. | Axion Physics and Detection | Andreas Ringwald, University of Sheffield, United Kingdom, 22-26 June 2026

0.1 1

Force Range in em

[Arvanitaki, Geraci 14]

Page 100

10



Axion Dark Matter Experiments

Dark matter mass

1

zeV aeV fev peV neV peV meV eV
1 1 1
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Dish/reflector example:
BRASS @ UHH

* Plane permanently magnetized
conversion panel

» Spherical reflector

DESY. | Axion Physics and Detection | Andreas Ringwald, University of Sheffield, United Kingdom, 22-26 June 2026

go:i:aatlor/ Magnetized Surface
P (Halbacharray,~1T)
analyzer i
P Spherical reflector
D~8m,f~12.5m
4 Receiver
4 module j

Detector Room
T~4K

Detection Chamber
T ~ 300K
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Axion Dark Matter Experiments

Variety of experimental techniques

Dark matter mass

Dish/reflector example:

zeV aeV fev peV neV peV meV eV
1 1 1 1

I | Correlator / . P
gy g BRASS @ UHH soal | | femeti i
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[ Avom ity | «  BRASS-p pioneering run
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o | Db _| o « Conversion panel not magnetized
Atom interferometry

5T T S T T O TR O O T T OO OO T T « Dark photon search [Bajjali et al., JCAP 08 (2023) 077]
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Axion Dark Matter Experiments

Variety of experimental techniques

Dark matter mass
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Dish/reflector example:

BRASS @ UHH

* Plane permanently magnetized

conversion panel

» Spherical reflector

«  BRASS-p pioneering run

« Conversion panel not magnetized

« Dark photon search

DESY. | Axion Physics and Detection | Andreas Ringwald, University of Sheffield, United Kingdom, 22-26 June 2026

Corre:a;or/ Magnetized Surface
an' ooy (Halbac’h. ::Jrray, ~1T) B
P Spherical reflector
D~8m,f~12.5m
Receiver
] module j

Detector Room
T~4K

Detection Chamber
T ~ 300K

BRASS magnetization
on the way ...

[Bajjali et al., JCAP 08 (2023) 077]
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Axion Dark Matter Experiments

Plasma haloscope concept:

Dark matter mass
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DESY. | Axion Physics and Detection | Andreas Ringwald, University of Sheffield, United Kingdom, 22-26 June 2026
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[Lawson, Millar, Pancaldi, Vitagliano, Wilczek, 19]

In @ magnetized plasma, oscillating

axion DM induces plasmon excitations,

—1
w2

1—— P

E = —g.yBea
JayBe w2 —iw,
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Axion Dark Matter Experiments

Dark matter mass
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Plasma haloscope concept:

[Lawson, Millar, Pancaldi, Vitagliano, Wilczek, 19]

In @ magnetized plasma, oscillating
axion DM induces plasmon excitations,
—1

w2

E=—g.Bea|1- ——2 _
Jay el w2 —iw,

* resonant enhancement, when plasma
frequency matches axion mass,

Wp = Wq = My
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Axion Dark Matter Experiments

Plasma haloscope concept:

1

Dark matter mass
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[Lawson, Millar, Pancaldi, Vitagliano, Wilczek, 19]

In @ magnetized plasma, oscillating
axion DM induces plasmon excitations,
—1

w2

E=—g.Bea|1- ——2 _
Jay el w2 —iw,

* resonant enhancement, when plasma
frequency matches axion mass,

Wp = Wq = My

* limited by losses (1)
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Axion Dark Matter Experiments

Plasma haloscope concept:

Dark matter mass

2 i i il i arid irid = [Lawson, Millar, Pancaldi, Vitagliano, Wilczek, 19]
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Axion Dark Matter Experiments

Variety of experimental techniques

Dark matter mass
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Axion Dark Matter Experiments

Lumped element examples:

Dark matter mass
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Axion Dark Matter Experiments

Dark matter mass

zeV aeV fev peV neV neVv meV eV
rosaeicev | ORF up-conversion /heterodyne concept: [Beriin et al., JHEP 07 (2020) 088;
Berlin et al., PRD 104 (2021) L11170%;
Giaccone et al., 2207.11346]
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Axion Dark Matter Experiments

Dark matter mass
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Axion Dark Matter Experiments

Dark matter mass
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Example: ALPS Il optical cavity as axion-DM polarimeter
[Garcia-Cely,Marsili,AR,Spector, 2501.08382]

¢ PD;) PD; Si<eees é PD, @
— ¢ aa b % 0 —
Main EOM Fi M, M, Fi EOM  Reference

Laser Laser

« ALPS Il already provides long, high-finesse optical cavities with large
stored laser power

« Axion DM would induce a tiny oscillating polarization component
orthogonal to the injected laser polarization

 Polarimetric readout of the cavity output searches for sidebands at wo £+ ma

* Using different ALPS Il cavity configurations, including quarter-wave
plates, gives resonant or broader sensitivity over m, ~ (107 — 107°%) eV

« Same formalism also applies to high-frequency gravitational-wave
backgrounds.
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Example: ALPS Il optical cavities as axion-DM polarimeters:

[Garcia-Cely et al. ]

10—7 L

10_8@

1013

ALPS

ABRA
LIDA

CAST f

BASE

ADMX SLIC

o

10710 107°

mg (eV)

1078 1077

1076

Page 114



Axion Dark Matter Experiments

Dark matter mass

zeV aeV fev peV neV peV meV eV
1 1 1 1 1 1 - - - -
rosaeicev] | Birefringent cavities prospects:
10%7 1026 102> 102* 102 1022 102! 1020 10" 108 1017 10%6 10'5 104 10'3 10'2 10 1010 10° 108 107 -6
FRTITT IETTTTT WYY MRWETTTT MERTTTT MRRETTY MARTITT MURTTITT RTTT MERATTT MURTTTT MERETTTT MRRTTTT MARTITT MURTTTT MURTTTT WERTTTT MURTITT MURTTTT MARRTHT WERTIN 10
Frequency = m /21 10_7 CROWS
p}IIZ mIl-IZ I—{z kI;IZ Mflz GII-IZ TII-IZ
' Coherence time ~ (mv?)~! 108
104I yr century | yr welek hlr min s ms HS o Solar U SN1987A
Coherence length ~ (mv)~! 10~ L
pc mpc AU Rg 100 km km m cm SHAFT . U
: ' ' T ' ' ' — 1010 BN MWD X-ray: Globular clusters Diffuse-y
Fuzzy i Eermi-SNe = ; - A HST =Sl.\
O | 10_11 Zi ) Fermi o= gi_ ’S:T § '{é
Axion-photon ( Birefringent cavity j) Cavities ” Dish/reflector > M87 - e ~ Pulsars g g Z ':‘é
Melemmt | Dielectric haloscope Q 10_12 Chffideo = B g =
CMB | SRF upconversion | ’Plasma| ( ’ = CZ@ &
Axion-fermion Magnons , 101 [ BRASS E =
Comagnetometers | N ~"EQC s 9
| NMR | ¢~ 10 " MADMAX i
Axion-EDM < - " ALPHA \
e O 10N> 4 | ws i DALI N
Nucleon EDMs | /QUAX /o,\\
NMR " ADMX &
Dark photon Cavities | Dish/reflector 1016 \ " BabyIAXO-RADES
|Lumped element | Dielectric haloscope _17 \\ ’,/l :
[ SRF upconversion | [Plasmal 10 S THESEUS
Scalars | Mechanical resonators | 10- 18 \\\f: 2 /;éo XMM-Newton
[ Atominterferomery | TS NuSTAR
Atomic/nuclear clocks | 19 L0 INTEGRAL
Vectors | Torsion b | 10 LRILLLLL | lllﬂTT[ LBULALLLLL BULALLLLY R ALLLLLY BLSUALLLLY LAUALLAL! LAUALLLL! S BUUALALLLL WAL ERLAALLL LALLL USULALLL WAL
- Gpisreginntadl /'\?— /\\ /'\0 29 S | 20 29 A % 29 A QQ 0\ 0?» 0?) QA 06 06 0(]
[ Optatimtrferomers | OF i) 407407407 407 107 407 407 407 107 407 407 407 10 107 407 40T 407 400 40 o
Atom interferometry ‘
\0,1\\0/10@,\9w,x%@/x \,0/“)\,0/& \’0,\A@/ﬁm/\lw/nw/m \’0/9 \0/% @;1 X0/6 \0/5 \Q/D‘ \’0/3 \’0/1 @/\ XQQ m a I;me ‘ 7
Dark matter mass [eV] [https://raw.githubusercontent.com/cajohare/AxionLimits/master7plots/plots_png/AxionPhoton_with_Projections.png]

DESY. | Axion Physics and Detection | Andreas Ringwald, University of Sheffield, United Kingdom, 22-26 June 2026 Page 115



