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The Axion

Solving two puzzles in one go

« Standard Model (SM)

mass - =2.3 MeV/c?

charge - 2/3 o
spin = 1/2

|

=1.275 GeV/c?

23 [ o
112

charm J

=173.07 GeVic*

23 L
112

top J

0

li
|

Q
c
ju

\

=4.8 MeV/c* =05 MeV/c? =4.18 GeVic*
FQ Sy A3 A3 ;
g 112 1/2 12
8 down J ~ strange J ~ bottom J photon
0.511 MeV/c? 105.7 MeV/c? 1.777 GeV/c? 91.2 GeV/ic?
-1 p -1 =1 | 0
. @I- @I @ |
electron L muon ‘ tau ) Z boson
m <22 eVic* <0.17 MeV/c? <15.5 MeV/c? 80.4 GeV/c?
= 0 0 I D 0 i 1
E 12 112 112 t
o . L
electron muon tau W b
: : : oson
‘j neutrino neutrino ' neutrino J

DESY. | The Quest for the Axion | Andreas Ringwald, 11th KSETA Plenary Workshop 2024, Haus Saron, Wildberg, Germany, 13-15 March 2024

GAUGE BOSONS

- =126 GeVic*

0

. B
Higgs
boson

Page 2



The Axion

Solving two puzzles in one go

« Standard Model (SM) extremely successful
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The Axion

« Standard Model (SM) extremely successful

* Puzzles unanswered by SM
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The Axion

Solving two puzzles in one go

« Standard Model (SM) extremely successful

* Puzzles unanswered by SM:

* What is the nature of dark matter (DM)?

Atoms

Dark
4.9% Energy
Dark 68.3%
Matter
26.8%

TODAY

Neutrinos Dark

10% Matter
63%
Photons
15%
Atoms
12%

13.7 BILLION YEARS AGO
(Universe 380,000 years old)

[E. Siegel, Forbes 2018]

DESY. | The Quest for the Axion | Andreas Ringwald, 11th KSETA Plenary Workshop 2024, Haus Saron, Wildberg, Germany, 13-15 March 2024 Page 5



The Axion

« Standard Model (SM) extremely successful

* Puzzles unanswered by SM:

* What is the nature of dark matter (DM)?

« Why is the electric dipole moment of the neutron so tiny?
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The Axion

« Standard Model (SM) extremely successful

* Puzzles unanswered by SM:

* What is the nature of dark matter (DM)?
« Why is the electric dipole moment of the neutron so tiny?
» Experiment: [Abel et al. 20]
dy| < 1.8 x 107%*¢ ecm
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The Axion

« Standard Model (SM) extremely successful

* Puzzles unanswered by SM:

* What is the nature of dark matter (DM)?
« Why is the electric dipole moment of the neutron so tiny?
» Experiment: [Abel et al. 20]
dy| < 1.8 x 107%*¢ ecm

 |If strong interactions violate parity (P) or time-reversal
(T) symmetry, would expect d,, ~ 107 ? ecm
Parity Time-reversal

1®- !15 !15

-d-E = *E

[Fuyuto 18]
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The Axion

« Standard Model (SM) extremely successful QCD Lagrangian contains a term which violates P and T:
[Belavin et al. '75;"t Hooft 76;Callan et al. "76;Jackiw,Rebbi "76 ]
* Puzzles unanswered by SM: o o
7% ~b Abur g Qs b b
» What is the nature of dark matter (DM)? £QCD o0 ST GWG =0 2 E"-B

« Why is the electric dipole moment of the neutron so tiny?
» Experiment: [Abel et al. 20]

dy| < 1.8 x 107%*¢ ecm

 |If strong interactions violate parity (P) or time-reversal
(T) symmetry, would expect d,, ~ 107 ? ecm
Parity Time-reversal

o (1o | T®.

~d™E -d*E

[Fuyuto 18]
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The Axion

« Standard Model (SM) extremely successful

* Puzzles unanswered by SM:

* What is the nature of dark matter (DM)?

« Why is the electric dipole moment of the neutron so tiny?
» Experiment: [Abel et al. 20]

dy| < 1.8 x 107%*¢ ecm

 |If strong interactions violate parity (P) or time-reversal
(T) symmetry, would expect d,, ~ 107 ? ecm
Parity Time-reversal

1®- Elts !15

-d-E = *E

[Fuyuto 18]

QCD Lagrangian contains a term which violates P and T:

[Belavin et al. '75;"t Hooft 76;Callan et al. "76;Jackiw,Rebbi "76 ]

— ~ —
/:'QCD DY, —SGZVGb’“’V =)= Eb . Bb
81 2T

« 0 € [-n,n] measures strength of P and T violation
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The Axion

« Standard Model (SM) extremely successful QCD Lagrangian contains a term which violates P and T:
[Belavin et al. '75;"t Hooft 76;Callan et al. "76;Jackiw,Rebbi "76 ]

Lqcp 39—Gb JGhm = 2 g . B

* Puzzles unanswered by SM:

* What is the nature of dark matter (DM)? At
« Why is the electric dipole moment of the neutron so tiny? e fc[-m, ﬂ measures strength of P and T violation
» Experiment: [Abel et al. 20] » predicts neutron electric dipole moment (nEDM):
|d,| < 1.8 % 107%% e cm [Crewther,Di Vecchia,Veneziano,Witten 79;...; Pospelov,Ritz 00]
 If strong interactions violate parity (P) or time-reversal d,, ~ 5@ 2 ~ 10710 0 ecm
(T) symmetry, would expect d,, ~ 107 ? ecm my,
Parity : : Time-reversal 4
: : ¢ [Hook 18]
[ |
1 . 1@ ;
[ |
E I E l g
[ I
-d-E -d*E
[Fuyuto 18]
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The Axion

« Standard Model (SM) extremely successful

* Puzzles unanswered by SM:

* What is the nature of dark matter (DM)?

« Why is the electric dipole moment of the neutron so tiny?
» Experiment: [Abel et al. 20]

dy| < 1.8 x 107%*¢ ecm

 |If strong interactions violate parity (P) or time-reversal
(T) symmetry, would expect d,, ~ 107 ? ecm
Parity Time-reversal

o | 1o Te

-d-E = *E

[Fuyuto 18]

QCD Lagrangian contains a term which violates P and T:

[Belavin et al. '75;"t Hooft 76;Callan et al. "76;Jackiw,Rebbi "76 ]
Lqcp D H—Gb JGhm = 2 g . B
271
« f¢el-m, ﬂ measures strength of P and T violation
« predicts neutron electric dipole moment (nEDM):

[Crewther,Di Vecchia,Veneziano,Witten 79;...; Pospelov,Ritz 00]

d, Nﬁ_e—2~10 16 0 ¢cm

mn

el

[Hook 18]

- Comparison with experiment: = [9| < 10~ '¢

Strong CP Puzzle
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The Axion

« Standard Model (SM) extremely successful

* Puzzles unanswered by SM:

* What is the nature of dark matter (DM)?

« Why is the electric dipole moment of the neutron so tiny?

« Extension of the SM by a complex scalar field featuring
a spontaneously broken global U(1) symmetry under
which colored fermions (SM or BSM ones) have an
axial charge assignment solves both puzzles in one go

[Raffelt]
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The Axion

« Standard Model (SM) extremely successful

* Puzzles unanswered by SM:

* What is the nature of dark matter (DM)?

« Why is the electric dipole moment of the neutron so tiny?

« Extension of the SM by a complex scalar field featuring
a spontaneously broken global U(1) symmetry under
which colored fermions (SM or BSM ones) have an
axial charge assignment solves both puzzles in one go

« Pseudo-Goldstone boson field a(z) arising from PQ sym-
metry breaking — axion field — acts as a space-time depen-
dent theta parameter, 0(z) = a(x)/f4; fo = vpq/Ng,» QCD
dynamics leads to (§) = 0 and thus explains tiny neutron

EDM [Peccei,Quinn "77; Weinberg "78; Wilczek "78]
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The Axion

« Standard Model (SM) extremely successful

* Puzzles unanswered by SM:

* What is the nature of dark matter (DM)?

« Why is the electric dipole moment of the neutron so tiny?

« Extension of the SM by a complex scalar field featuring
a spontaneously broken global U(1) symmetry under
which colored fermions (SM or BSM ones) have an
axial charge assignment solves both puzzles in one go

« Pseudo-Goldstone boson field a(z) arising from PQ sym-
metry breaking — axion field — acts as a space-time depen-
dent theta parameter, 0(z) = a(z)/f.; fo = vpq/Ng, QCD
dynamics leads to (§) = 0 and thus explains tiny neutron

EDM [Peccei,Quinn "77; Weinberg "78; Wilczek "78]
» For large enough PQ symmetry breaking scale, it may be

the main constituent of DM
[Preskill, Wise,Wilczek "83; Abbott,Sikivie "83; Dine,Fischler "83]

: | a
—7 faq 0 +7 fq

[Raffelt]
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[Saikawa, https://arxiv.org/abs/1709.07091 ] mqleV]
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The Axion

Effective field theory below QCD scale

DESY. | The Quest for the Axion | Andreas Ringwald, 11th KSETA Plenary Workshop 2024, Haus Saron, Wildberg, Germany, 13-15 March 2024 Page 16



The Axion

Effective field theory below QCD scale

1 1
LD 5 0,a0"a — imiaQ ‘
v
7 AE Mg fr 10'2 GeV
me, V 1 T fa ~ 6 ,LLeV fa
2 = Mmy,/Mmy
I i a
—7 fa 0 +7 fq
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The Axion

1 I 5 5 a a ~
LD 5 8Ma oMa — imaa CGWS_WE F/“/F'u
. VE mafr !

N I B
N

« Coupling to photons experimentally most important
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The Axion

£D28 a@“a——m2 06”87’ uuFW

Vz Mg fr
A T

« Coupling to photons experimentally most important

« Suppressed by axion decay Constant vpq/Ng > v ~ 246 GeV

0}

Gary = Ccw

~
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The Axion

1
P _ =
£D28a8a 2m +Ca787rfa

£k b
A
1+z .

« Coupling to photons experimentally most important

F, FHv

« Suppressed by axion decay constant and thus proportional to axion mass:

Q_ o 1+z
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The Axion

1 14
LD 28 a@“a—im JrC’m&T I FWF“
VE omeks !
mey =~ 1 T fa A = = =
Y
« Coupling to photons experimentally most important
« Suppressed by axion decay constant and thus proportional to axion mass: dg €
~y
Q a mgl4+z
oy = ——0Chny = Cq
Y9 = o f Y T ey 2 -
* Wilson coefficient: C,., = @ _ 24 +z [Kaplan 85;Srednicki *85] y 9O
7 No 31+z 2 =my/mg = 1/2
Q
» For one exotic quark flavor Q with electric charge 4o: No =1, Eg = 6q29 y

qo €
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The Axion

Electromagnetic coupling

o a mglt+z/Eg 2442
gm_27rf7rm7T vz \\Ng 31+=z
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The Axion

Electromagnetic coupling

o a mglt+z/Eg 2442
gcw_27rf7rm7T vz \\Ng 31+=z

GHz THz

T

« Varying number of PQ-charged colored fermions 9 and o) ;
their electric charges results in “band” of predictions for S > 3
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adapted from [https://github.com/cajohare/AxionLimits]
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The Axion

Electromagnetic coupling

GHz THz

o a mglt+z/Eg 2442
gm_27rf7rm7T vz \\Ng 31+=z

T
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« Varying number of PQ-charged colored fermions 9 and 5 7
their electric charges results in “band” of predictions for ol ol
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The Axion

Electromagnetic coupling

.« mg 1+ 2
I ot ma 2

EQ 24+ 2z
31+ 2z

« Varying number of PQ-charged colored fermions 9 and
their electric charges results in “band” of predictions for

photon coupling

A new band at much higher couplings results if Q carries a
magnetic charge

* Induced photon coupling:
QA Mg 142 Mo

Jam = o fema VzZ No

go go

Q

go 9o

[Sokolov,AR 21, 22, 23]

7y
MQ:692Q

v

strongly enhanced due to charge quantisation (e go = 67 n):

9

Ay, = —— =

4

[Dirac 1931, Schwinger 1966, Zwanziger 1968]
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Axion Experiments Not Relying on Axion Dark Matter

Axion — photon conversion in electromagnetic fields Lo Yary aFM,/F“’” = guyyaE-B
4
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Axion Experiments Not Relying on Axion Dark Matter

Axion — photon conversion in electromagnetic fields r - Ja aFWFW =g, aE-B
4
a a
« Light shining through a wall ALPS, OSQAR, ALPS 1l gl vANv§=> "Ang gl
« pure laboratory experiment B B
ol ol
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Axion Experiments Not Relying on Axion Dark Matter

Axion — photon conversion in electromagnetic fields r - Ja aFWﬁ’W =g, aE-B
4
a a
* Light shining through a wall ALPS, OSQAR, ALPS Il Y w/W\/§=> "Ang Y
« pure laboratory experiment B B
,y* 7>I<

 Helioscope CAST, BabylAXO, IAXO

» laboratory search for solar axions

adapted from [Lindner]
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Light-Shining-through-a-Wall Searches

* In an external electromagnetic field, axion experiences mixing with photon

« Light shining through a wall concept: [Anselm 85: van Bibber 87]

a a
8 wvvg—r > émm Y
B ‘ B
v v
« Probability, that photon with energy w converts in axion after having traversed a distance Lz in magnetic

field of strength B B2 2
P(vy <4 a) ~ 4(ga7w ) sin” (%LB)

4
m; 4w

« For very light axion, m, < (2rw/Lg)"? ~ meV((w/eV)(m/Lg))"/?:

1
Py —=a— )~ 16 (goyBLp)*
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Light-Shining-through-a-Wall Searches

« ALPS | @ DESY (in collaboration with AEI Hannover and U Hamburg) exploited one HERA dipole:

Q

~ ~
Naser Haser
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Light-Shining-through-a-Wall Searches

« ALPS | and OSQAR @ CERN have established the currently best pure laboratory limits on low mass ALPs:

106}
107° — . .
- Exclusion domain for
Z . pseudoscalar and scalar ALPs
- - |
T - N
> - ®
O | G
= 107
<Yg) _ ol 4@
1077 — S5
. pseudoscalar
. scalar
. - == ALPS
|
4 3 i | OSQAR
10 10 10 s
104 103
m¢ [eV] ma / eV

[Ehret et al., Phys. Lett. B 689 (2010) 149]
[Ballou et al., Phys.Rev.D 92 (2015) 9, 092002]
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Light-Shining-through-a-Wall Searches

- AL S Il @ DESY (in coll. with U Cardiff, U Florida, U Hamburg, U Hannover, U Mainz, U Southern Denmark)

T . [Bahre et al (ALPS Il TDR) 13]
* Increase sensitivity in photon coupling by a

factor of more than 103 by exploiting

« 12 + 12 straightened HERA magnets [AR, Phys. Lett. B 569 (2003) 51]

Reference
Production Cavity Laser Regeneration Cavity
~124m E E ~124m
High Power Magnet Strlng Central Magnet String Local
Laser Optical Bench Oscillator
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Light-Shining-through-a-Wall Searches

. ,A\L S || @ DESY (in coll. with U Cardiff, U Florida, U Hamburg, U Hannover, U Mainz, U Southern Denmark)

T . [Bahre et al (ALPS Il TDR) 13]
* Increase sensitivity in photon coupling by a

factor of more than 103 by exploiting

« 12 + 12 straightened HERA magnets [AR, Phys. Lett. B 569 (2003) 51]

Reference
Production Cavity Laser Regeneration Cavity
~124m f E ~124m
High Power Magnet Strlng Central Magnet String Local
Laser Optical Bench Oscillator

» Optical cavities both at production and
regeneration sites

[Hogeveen,Ziegenhagen 91;Sikivie, Tanner,van Bibber 07]
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Light-Shining-through-a-Wall Searches

- AL S Il @ DESY (in coll. with U Cardiff, U Florida, U Hamburg, U Hannover, U Mainz, U Southern Denmark)

T . [Bahre et al (ALPS Il TDR) 13]
* Increase sensitivity in photon coupling by a

factor of more than 103 by exploiting

« 12 + 12 straightened HERA magnets [AR, Phys. Lett. B 569 (2003) 51]

Reference
Production Cavity Laser Regeneration Cavity
~124m f E ~124m
High Power Central Local
Magnet Strmg Magnet String

Optical Bench

Laser Oscillator

» Optical cavities both at production and
regeneration sites

[Hogeveen,Ziegenhagen 91;Sikivie, Tanner,van Bibber 07]
« Two detection techniques:

* Heterodyne
« Transition Edge Sensor (TES)
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Light-Shining-through-a-Wall Searches

. ,'\LlPS 1 @ DESY (in coll. with U Cardiff, U Florida, U Hamburg, U Hannover, U Mainz, U Southern Denmark)

* Progress:

* All 24 magnets installed, aligned and tested
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Light-Shining-through-a-Wall Searches

. ,'\LlPS || @ DESY (in coll. with U Cardiff, U Florida, U Hamburg, U Hannover, U Mainz, U Southern Denmark)

* Progress:

* All 24 magnets installed, aligned and tested

» Cleanrooms at end stations and center are operational
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e / \L|PS || @ DESY (in coll. with U Cardiff, U Florida, U Hamburg, U Hannover, U Mainz, U Southern Denmark)

* Progress:

* All 24 magnets installed, aligned and tested
» Cleanrooms at end stations and center are operational
« Commissioning of optical system finished

g
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Light-Shining-through-a-Wall Searches

/ -\L PS || @ DESY (in coll. with U Cardiff, U Florida, U Hamburg, U Hannover, U Mainz, U Southern Denmark)
* Progress:

* All 24 magnets installed, aligned and tested

» Cleanrooms at end stations and center are operational ‘\ \
B

« Commissioning of optical system finished — | / /

Data taking has started in May 2023
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Light-Shining-through-a-Wall Searches

adapted from contribution to Proc. 57th Rencontres de Moriond EW 2023: [AR, arXiv:2306.08978]
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Light-Shining-through-a-Wall Searches

adapted from contribution to Proc. 57th Rencontres de Moriond EW 2023: [AR, arXiv:2306.08978]

. ,’\‘LlPS" designed to im- Ol o
prove sensitivity compared |
to ALPS | by a factor of ~
3000

HB stars

« exploring uncharted territory
in parameter space, beyond
astrophysical constraints
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Light-Shining-through-a-Wall Searches

adapted from contribution to Proc. 57th Rencontres de Moriond EW 2023: [AR, arXiv:2306.08978]

. ,’\‘LlPS Il designed to im- e e
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to ALPS | by a factor of ~ 108
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» exploring uncharted territory HB h
stars hint

| |
A

in parameter space, beyond :|> 1011 =
astrophysical constraints L 10-1 =
= |
» checking axion explanation U AT
. . — 10 13 —
of astrophysical anomalies 3
U
.- 3
bO 1015 £
10—16 é
10—17 é
1015 2

4 A A (I)IIIIﬂl il))nulTl 7lnll'rll é)lnml |5||l|rll L”Im' (Ie,llllﬂ'l :Lllllﬂl IXIIIHTIQIIIIHTI\IIllm'lllIlllﬂl?)lIIIIH'IA‘IIlllﬂlsllllmlbllllml7
xo/\o/xm/x 4107 107 107 407 407 107 407407 40 100 40 407 407 40" 40" 40 10

m, [eV]

DESY. | The Quest for the Axion | Andreas Ringwald, 11th KSETA Plenary Workshop 2024, Haus Saron, Wildberg, Germany, 13-15 March 2024 Page 41



Light-Shining-through-a-Wall Searches

adapted from contribution to Proc. 57th Rencontres de Moriond EW 2023: [AR, arXiv:2306.08978]

. ,'\LlPS Il designed to im- 107° e
prove sensitivity compared 1077 © ALPSI ',‘ﬂ
to ALPS | by a factor of ~ 108 OSOd
3000 10~ ALPS II

HB stars

« exploring uncharted territory " A
stars hint

| |
A
in parameter space, beyond :|> 10~ <
astrophysical constraints U 1012 =
= |
» checking axion explanation 9 48 &
of astrophysical anomalies o 10 E
-14
- Full sensitivity expected to b% 10771
: ~15

be reached in 2025 — 107"y
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Helioscope Searches

* Flux of solar axions produced by Primakoff process in core:

Giannotti "16]

Axion Flux [x 10" em™2 s keV™']

Energy [keV] A

/
[Adriamonje et al. "07] | 4

[adapted from Irastorza "16]
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Helioscope Searches

» Helioscope concept: solar axion to photon conversion in
magnetic field [Sikivie 1983]

Pla — ) ~4

[adapted from Irastorza "16]
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Helioscope Searches

* Most sensitive until now: CERN Axion Solar Telescope (CAST)
» Superconducting LHC dipole magnet

« X-ray detectors
» Use of buffer gas to extend sensitivity to higher masses (axion band)
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Helioscope Searches

* International Axion Observatory (IAXQO)  [1AXO CDR: JINST 9 (2014) T05002 (arXiv:1401.3233)]

« Large toroidal 8-coil magnet L = ~20 m
» 8 bores: 600 mm diameter each
« 8 X-ray telescopes + 8 detection systems

» Rotating platform with services

four nested hyperboloids
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Helioscope Searches

* International Axion Observatory (IAXQO)

Large toroidal 8-coil magnet L = ~20 m
8 bores: 600 mm diameter each
8 X-ray telescopes + 8 detection systems

Rotating platform with services

* Proposed site: DESY

[IAXO CDR: JINST 9 (2014) T05002 (arXiv:1401.3233)]
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Helioscope Searches

« Prototype for IAXO: BabylAXO S
« Two bores of dimensions similar to final IAXO bores
» Detection lines representative of final ones SR ' Support frame

» Test & improve all systems

Detectors with
muon veto and
shielding

New elevation drive

Magnet service box

Head with azimuth drive

Tower
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Helioscope Searches

« Prototype for IAXO: BabylAXO S
« Two bores of dimensions similar to final IAXO bores
- Detection lines representative of final ones <N N 4 Y Support frame

» Test & improve all systems

Detectors with

Magnet technical design ongoing at CERN oo and

New elevation drive

Magnet service box

Head with azimuth drive

Tower

Construction site: DESY

Funded by CERN, DESY and Irastorza: ERC-AvG 2017 IAXO+
Irastorza: ERC-SynG 2023 DarkQuantum
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Helioscope Searches

- Prototype for IAXO: BabylAXO e
 Two bores of dimensions similar to final IAXO bores | |
» Detection lines representative of final ones ."4‘??"7&'; AP X\ s Support frame

» Test & improve all systems

Detectors with New elevation drive

Magnet technical design ongoing at CERN o and

BT Magnet service box

Head with azimuth drive

Tower

Construction site: DESY

Funded by CERN, DESY and Irastorza: ERC-AvG 2017 IAXO+
Irastorza: ERC-SynG 2023 DarkQuantum

Preparations have already started in 2020

Start of data taking envisaged for 2028
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Helioscope Searches

«  BabylAXO at low masses sensitivity similar to ALPS Il, but probes also meV mass QCD axion:

1076 =
1077
108
1077 =
10—10 _

10—11 =
10—12
10—13
10—14
10—15
10—16 .
10—17
10—18
10—19

|8ay| [GeV 1]

CROWS

ALPS-I

OSOA

HB stars

HB stars hint

3abylAXO

2 O 29 af o e 5! S = - ; '1
107207207 07107407407 %407°407 4074070 AT A0 AT 48 400 4T 407 4O

mg [eV]
adapted from contribution to Proc. 57th Rencontres de Moriond EW 2023: [AR, arXiv:2306.08978]
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Axion Dark Matter

Standard production mechanisms
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Axion Dark Matter

Standard production mechanisms

« Axion comes to existence as soon as Peccei-Quinn (PQ) sym- Unbroken Symmetry Broken Symmetry
metry is spontaneously broken

[Peking University]
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Axion Dark Matter A: B:

At most one year

300000 years

A UpPQ > ThOt iital U P Q < ThOt
/ cond|t|ons\
«  Axion comes to existence as soon as Peccei-Quinn (PQ) sym- Thot ot i},c‘f:‘::::ii?;:ﬁL'_"_II:ZIZ::::::::,IY‘: ‘.::’:::::IZZZIﬁi'};_;‘}ﬁiﬁiiﬁiii:::::::::, A
metry is spontaneously broken o ’ | -
* Dynamics and resulting DM density depends on whether PQ g £
breaking scale vpq is larger or smaller than the temperature of =
the universe at the onset of the hot phase, Ti,.:
The
CMB

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

« Axion comes to existence as soon as Peccei-Quinn (PQ) sym-
metry is spontaneously broken

« Dynamics and resulting DM density depends on whether PQ
breaking scale vpq is larger or smaller than the temperature of
the universe at the onset of the hot phase, Ti,.:

« Scenario A (“pre-inflationary PQ breaking”):

« axion DM production by realignment mechanism
[Preskill, Wise,Wilczek 83; Abbott,Sikivie 83; Dine,Fischler 83,....

A:
UPQ > ThOt Initial

3
o
-+

Temperature

Axion Wave

Time

-

Production

The
CMB

DESY. | The Quest for the Axion | Andreas Ringwald, 11th KSETA Plenary Workshop 2024, Haus Saron, Wildberg, Germany, 13-15 March 2024

9 / conditio

e T N e

-----------------------------------------------
----------

Harmonic motion

2 td)'n
=
=

teold 9/: 0
Axion Field, 0

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

At most one year

300000 years
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Axion Dark Matter

« Axion comes to existence as soon as Peccei-Quinn (PQ) sym-
metry is spontaneously broken

* Dynamics and resulting DM density depends on whether PQ
breaking scale vpq is larger or smaller than the temperature of
the universe at the onset of the hot phase, Ti,.:

« Scenario A (“pre-inflationary PQ breaking”):

« axion DM production by realignment mechanism
[Preskill, Wise,Wilczek 83; Abbott,Sikivie 83; Dine,Fischler 83,....

« DM axion mass not fixed by DM abundance:
1.165
Quh? ~ 0.12 (6 “ev> 02, 0; = a(the)/ fa

Mmq
[Borsanyi et al. *16]

A:
A UPQ > ThOt Initial

P < conditio
Thot T —— A
o
o
| o
0| E
c =
0
S
¢
e — :
_______________________________ 2
. . S
Harmonic motion 7
&
£
)
> -
< O
+
<t
O Uy
c g -
@) =
9 0
xX O
< Q-
tuol(l 9 0 ' 8:3\
Axion Field, 0 §
S
R
The

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

) VpQ < Lhot
,ions\ 9
« Axion comes to existence as soon as Peccei-Quinn (PQ) sym- Hhot f (':f::E::,;;:jf::’ }
metry is spontaneously broken 0 |
* Dynamics and resulting DM density depends on whether PQ g £
breaking scale vpq is larger or smaller than the temperature of =
the universe at the onset of the hot phase, Ti,.: §
« Scenario A (“pre-inflationary PQ breaking”): \ *2
« axion DM production by realignment mechanism ;
[Preskill, Wise,Wilczek 83; Abbott,Sikivie 83; Dine,Fischler 83,....]
- DM axion mass not fixed by DM abundance: U ¢
) 6 ,LLeV 1.165 ) oo _C_)
Q.h” ~0.12 ( -~ ) 67, 0; = a(thot)/ fa ; '*g
« Scenario B (“post-inflationary PQ breaking”): g -8
« axion DM production by realignment mechanism and E A
decay of topological defects (strings and domain walls)
&
The =
CMB

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

n —— 4

3
o
-+

«  Axion comes to existence as soon as Peccei-Quinn (PQ) sym-
metry is spontaneously broken o

« Dynamics and resulting DM density depends on whether PQ
breaking scale vpq is larger or smaller than the temperature of
the universe at the onset of the hot phase, Ti,.:

Temperature
Time

-

« Scenario A (“pre-inflationary PQ breaking”):

At most one year

« axion DM production by realignment mechanism
[Preskill, Wise,Wilczek 83; Abbott,Sikivie 83; Dine,Fischler 83,....]

» DM axion mass not fixed by DM abundance:
1.165
Q,h% =~ 0.12 (67’;‘3\/) 02, 0; = a(the)/ fa

« Scenario B (“post-inflationary PQ breaking”):

Production

« axion DM production by realignment mechanism and
decay of topological defects (strings and domain walls)

Axion Wave

* required axion mass to explain 100% of DM abundance:

[Hiramatsu et al. 11,12,13; Kawasaki,Saikawa,Segikuchi 15; AR,Saikawa "16; Borsanyi et al.
"16; Klaer,Moore "17; Gorghetto,Hardy,Villadoro *18; Buschmann et al. 19; Hindmarsh 19;
Gorghetto,Hardy,Villadoro "20; Buschmann et al. 21;Beyer,Sarkar 23; Saikawa et al. 24; ...] The

mg ~ 26 peV — 0.5 meV, for Npw = Ng =1 CMRB
mg 2, meV, for Npw = Ng > 1 [Chadha-Day, Ellis, Marsh, Science Advances 22]

%
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Axion Dark Matter Experiments

* Huge possible mass range:

Post inflation Ny, > 1

Post inflation Ny, = 1

0+ 6, Pre inflation 0, > m Sub dominant

Excluded by astrophysics

A
v

ULLLL SLLSLALALLL S UL AL LAY ALY AL BLLLAALLL SLLSURALLL S ALLLL ALY S AL L |
10 10 10% 107 10° 10° 10* 107 10 10" 10° 10! 10 10°
m, [eV]

adapted from [Semertzidis, Youn, Science Advances 22]
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Axion Dark Matter Experiments

Variety of experimental techniques

« Huge possible mass range requires various experimental techniques to search for axion dark matter via
different axion couplings:

Post inflation Ny, > 1

Post inflation Ny, = 1

0+ 0, Pre inflation 0, > Sub dominant

Excluded by astrophysics

A

Microwave cavities Dish antennas

i s v
LD _§gaN'yawN0'ul/75¢NF'u

ULLLL SLLSLLALLL S L LAY S LY L ALY AL LALALLL S RALLL S SLLLL SR S AL L |
107 10 10% 107 10° 10° 10* 10 10 100" 10° 10! 102 10°
m, [eV]

adapted from [Semertzidis, Youn, Science Advances 22]

DESY. | The Quest for the Axion | Andreas Ringwald, 11th KSETA Plenary Workshop 2024, Haus Saron, Wildberg, Germany, 13-15 March 2024 Page 60



Axion Dark Matter Experiments

Enormous number of axion dark matter experiments worldwide

Chandra, NuSTAR,
Fermi, Planck,
INTEGRAL
XMM-Newton
eROSITA, COBE,
HINODE, LISA,
MICROSCOPE
(Space)

Sy ,, , ALPSIAXO

SuperMAG,
GNOME
(Globe)

SNO AMAILS
EDELWEISS 2 ¢ £ OAPI’ SUMICO
. R_CASPEr g | =) : ChangE
omuwuns ""“ ABRACADABRA  RURiGA AEDM | ' i vm""“ | -4 DANCE
Dark E-field Radio \L::’::ST PULAS /" /| XENON ~—NAsDUCK NN ] DOSUE-RR
aacon AI.PI-IA e .J . PandaX—/  , SAPPHIRES
N : MAGI / 3 \ UL RS
e ; AGra . MuDHI L TASEW -,
. |
Axl on / H.E.S.S. A, ' \ _
L UPLOAD/DOWNLOAD
Dark phOton VAT 4 OROAN T
(MUSE/VIMOS) SKA \
Scalar/vector sPT,Bicep I
8l \ \ [https://github.com/cajohare/AxionLimits]
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Axion Dark Matter Experiments

Enormous number of axion dark matter experiments worldwide

Can only talk about a subset of them ...

Chandra, NuSTAR,
Fermi, Planck,
INTEGRAL
XMM-Newton
eROSITA, COBE,
HINODE, LISA,
MICROSCOPE

SuperMAG,
GNOME
(Globe)

(Space)
AMAILS
; ARGO-yp) ChangE— —/’sumco
QUALIPHIDE nEDM \wp..““ DANCE
Dark E-field Radio /' XENON ~——NASDUCK ._ L) / DOSUE-RR
BACON . \ALPH; g DarkSide PandsX-—/  /, SAPPHIRES
\ ; L FAST:
@ » ! ' - T
, UPLOAD/DOWNLOAD N
Dark photon — o A\ | g
(MUSE/VIMOS) SKA
Scalar/vector sPT,Bicep o
%1 \ '\ [https://github.com/cajohare/AxionLimits]
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Axion Dark Matter Experiments

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

« The velocity dispersion of halo dark-matter axions is given by the galactic virial velocity, implying a macrosco-
pic de Broglie wave length,

B = 27/ (mqvg) ~ km (ueV /mg) (1072 ¢/v,)

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

a(t) =~ \/2pq cos(mgt)/myg
* When presenting (projected) limits on halo dark-matter axion couplings it is assumed that

Pa = P 2 0.45GeV cm ™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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Haloscopes L5 % aF,, " = giaE - B
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Haloscopes L9 4 F, F" =g, oE-B

4
« Concept: In microwave cavity placed in magnetic field, DM axion converts into photon [Sikivie 83]
« If axion mass matches reso-
11111 nance frequency of cavity,
- T signal v
Resonant 4 » Detector ma — 27TVI‘€S ~/ 4//LeV (Gr]f]:sz>
cavity ‘ . Photon frequency
Magnetic — ) (e axion mass) power output
— : Photon 9 9
Axion @ 2 Pout, ~ 9ary Pa BV Q
L B i
enhanced by quality factor
Virtual > 5
| photon ) Frequency Q ~ 10
\\‘ 3 .
T T * Need to scan by tuning reso-

nance frequency

[Irastorza, Nature 21]
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Haloscopes

Microwave cavities

*  Currently running: ‘. “
«  ADMX . :
- CAPP ¥ y
. CAST-CAPP =
« GrAHal o
- HAYSTAC
- ORGAN =
. QUAX P =
- RADES
. TASEH

‘\.

CAPP
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Haloscopes Lo 4 F, F'" =g, oE-B

4
Microwave cavities 5 GHz THz
L |
« Currently running: % "

* ADMX E BabyIAXO
AR U ree i e e Z £ )
.+ CAPP Bl . =
CD(;D’J PR :r' =
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Bl — . i /'/ PG ‘}g
 GrAHal - g i ?’ LAMPOST :
E Al 'r”Q~ =
- HAYSTAC 10-3 L : , _
= |2 =
« ORGAN - : | :
14 L 2 =
« QUAX 107 E 2
- RADES b :
. TASEH = ol :
10-16 L_ v "Haloscope bounds shown assume ;
o axion to be 100% of DM. In general, 3
:/O,Q\Q;& scale as \/ppm/pa ]

10—17 Lo Lo Ll Lrud L Ll
10-6 107 1074 1073 1072 107!

mg, [eV

[https://github.com/cajohare/AxionLimits]
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Yar _
Haloscopes LD = aFu " = gayaE - B
Microwave cavities GHz THz
— 10_9
o
o |
« Currently running: > 1010 Neuton
q) ‘S ars
. ADMX ) w | :
(S— g g g NI .. < o D 4
. CAPP > 1071 2
> =
. CAST-CAPP >2 — s 5> -
= ; i _— LAMPOST =
 GrAHal = SPEX i/é./?' .
- HAYSTAC 10-3 L | _
= e =
« ORGAN - et Sl a
=14 — s b
- QUAX 107 E
- RADES b :
10 = = E
. TASEH = /ab ’wH =
» Y “'13»*‘2’ /,«’FP‘O\\]OQ -
e More experiments proposed 10716 & p ~ P vl??f://' *H_aloscope bounds shown assume
B axion to be 100% of DM. In general, =
e ) O scale as \/ppa/pa ]
* Wlthln neXt decade: microwave 10—17 L1 |||||I6 Lol L1 |||||I4 L1 1||||I3 L1 IDII\I/[II|2 Lol l
ey . . . . — -5 — — = -
cavities will dig deep into vanilla 10 10 10 10 L o=
axion band in mass range [https://github.com/cajohare/AxionLimits] ma [eV-
ueV < mg < 100 eV
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Haloscopes L9 4 F, F" =g, oE-B

« Dish antenna concept:
[Horns,Jaeckel,Lindner,Lobanov,Redondo,AR 13]

» Oscillating axion DM in a background magnetic field carries a
small electric field component,

Eq (1) = ~gayBa(l)

» Metallic mirror placed in a magnet field pointing parallel to the
mirror surface will emit a nearly monochromatic EM wave
perpendicular to the mirror surface with a frequency v = m,/(2m)
and a cycle-averaged power per unit area:

Py /A= |Eq|*/2

« Broadband! No tuning necessary!

DESY. | The Quest for the Axion | Andreas Ringwald, 11th KSETA Plenary Workshop 2024, Haus Saron, Wildberg, Germany, 13-15 March 2024 Page 69



Ga~ - _ L k
Haloscopes £ 77 aFuF" = guyaE- B 7
4
Dish antennas
- BRASS @ U Hamburg Plane permanently mag-
el Y netized conversion panel
| - i B=08T
Bl A=4Tm? BRASS
oesorioon i A 5 » Spherical reflector

[Bajjali et al., “23]
- BREAD @ Fermilab

« Cylindric parabolic con-
version panel allows use
of solenoidal magnetic
field

B~10T

- I\ A ~ 10m?
< ’ ‘ [Liu et al., 22]

BREAD
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Haloscopes

Dish antennas

- BRASS @ U Hamburg

Correlator /

Spectral
analyzer

Magnetized Surface
A(Halbach array,~1T)

Spherical reflector
D~8m,f~12.5m

Receiver
] module :}

Detector Room H A

T~ 4K B

Detection Chamber
T ~ 300K

- BREAD @ Fermilab
Bext

2V2 R

[https://github.com/cajohare/AxionLimits]
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Dish antennas

 Boosted dish antenna aka open dielectric resonator concept:

» Add stack of dielectric disks with ~ )\ /2 spacing in front of mirror (all immersed in magnetic field) [Jaeckel,Redondo 13]

» Constructive interference of photon part of wave function [Millar,Raffelt,Redondo,Steffen 16]
[Baryakhtar,Huang,Lasenby18]
TEPTrrereeeeet
Be
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Mirror Dielectric Disks Receiver
[Caldwell et al. "16]
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Dish antennas

MADMAX @ DESY

« Conceptional design [Bruns etal. 19]

« 10 T magnet

« Large number of adjustable
dielectric disks

« Tunable frequency and

bandwidth
106§|"-'|""|""|"" LA AL AL B
E — Avg =200 MHz 3
10°F — Avy =50 MHz 3
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s
-
\,

MADMAX prototype at MORPUREQ
' v ‘ ‘ | i, -

MADMAX @ DESY

« Conceptional design [Bruns etal. 19]

« 10 T magnet

« Large number of adjustable
dielectric disks

« Tunable frequency and
bandwidth

* Prototype tests and science
runs exploiting MORPURGO
magnet at CERN are going on
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4
Dish antennas GHz THz
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[https://github.com/cajohare/AxionLimits]
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 Plasma haloscope concept:
[Lawson, Millar, Pancaldi, Vitagliano, Wilczek, 19]

* In a magnetized plasma, oscillating axion
DM induces plasmon excitations,

9 —1
E Boa | 1 “
= — a -
Jay e w2 — iw, T
* resonant enhancement, when plasma
frequency matches axion mass,

Wp = Wg = My,

* limited by losses (I)
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Plasma haloscope

 Plasma haloscope concept:
[Lawson, Millar, Pancaldi, Vitagliano, Wilczek, 19]

* In a magnetized plasma, oscillating axion
DM induces plasmon excitations,

9 —1
E B.a (1 “
- — a - —_—
Jay e w2 — iw, T
* resonant enhancement, when plasma
frequency matches axion mass,

Wp = Wg = My,

* limited by losses (I)

« A plasma with tunable plasma frequency in
the GHz range can be realised by a wire

array with variable interwire spacing (“wire
metamaterial”)

adapted from [Dunne, LBNL Instr. Sem. Feb 22]
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Plasma haloscope

ALPHA
» Goal: building tunable, cryogenic A
plasma haloscope
» ALPHA Pathfinder
« 20 cm bore 8T solenoid

« several wire material prototy-
pes constructed

 tuning with low power piezo- 60 cm

electric translation

« sensitive to mass range
around 10-20 GHz

+ data run expected ~2026

[Dunne, LBNL Instr. Sem. Feb 22]
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Haloscopes

Plasma haloscope

ALPHA

« Goal: building tunable, cryogenic

plasma haloscope
» ALPHA Pathfinder

e 20 cm bore 8T solenoid

« several wire material prototy-
pes constructed

* tuning with low power piezo-
electric translation

« sensitive to mass range
around 10-20 GHz

+ data run expected ~2026

10—

10—15

10—16

* Full ALPHA designed to dig

deep into axion band

10—17

Neutron

THz

[https://github.com/cajohare/AxionLimits]
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[Sikivie,Sullivan,Tanner 14; Kahn,Safdi, Thaler "16]
« Concept:

Toroid vs solenoid

* In the presence of a magnetic field By

« axion DM field induces oscillating effective dis-
placement current

ja — _gaq/BO a

« which in turn generates an oscillating magnetic
field B,, such that

V X B, = ja
 The induced field can be

« turned into an alternating current in a pickup
loop,

» resonantly amplified in a tunable LC circuit, and
« finally detected via a SQUID

2ppm cos(myt)B

[Salemi 21]
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4
Lumped-element detectors

* Pilot experiments:

« ABRACADABRA [Ouellet et al. 19] — ey —
« ADMX SLIC [Crisosto et al. 20] BN - s

QCD Axion
! o s e . -8} CAST
° SHAFT [GramO"n et al. 21] = ADMX G2 (Projected)

N ADMX
ABRACADABRA-10 ¢m 95% Lumut

— (This Work) 'XMSFAFT
LA |
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_.
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T
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[Salemi 21]
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Lumped-element detectors

* Pilot experiments:

=
=i
=
el
e
~

« ABRACADABRA [Ouellet et al. 19] WISPLC

e ADMX SLIC [Crisosto et al. 20]
« SHAFT [Gramolin et al. 21]
Frequenc;g [Hz]

* Next generation soon at start: . i i

107 10

« WISPLC  [zhang,Horns,Ghosh 22]

- F - T ————

10 L |"|7|' /I“ T 1 Gelni T T 1 T T T TTTT | R e B i 2 )
- - 107 10° 107 10
™Mq [€V]  [Zhang,Horns,Ghosh 22]
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4
Lumped-element detectors

DMRadio

* Pilot experiments:

72

« ABRACADABRA [Ouellet et al. 19]
e ADMX SLIC [Crisosto et al. 20]
« SHAFT [Gramolin et al. 21]
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« WISPLC [Zhang,Horns,Ghosh 22]
« DMRadio

« DMRadio-50L
« DMRadio-m3
« DMRadio-GUT
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* Pilot experiments: 1077
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Searches for oscillating NEDMs
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« Concept:
» Axion DM field induces oscillating NEDMs:
dn(t) = gaN+\/ 2Pq cOS(Mat)/mq

i d
» Place a ferroelectric crystal (permanent electric SQUID ’ ’ ’

polarisation fields £*) in external B, | E*

S ick
* Nuclear spins are polarised along B,,, and precess pICkUp * * *
at Larmor frequency wr = 2un Bext loop

|

o

ext

the E*-field leads to resonant increase of transver-
se magnetisation of sample when w; = m,

« Interaction esch(t) . E* of DM induced NEDM with f f f

[Graham,Rajendran 13; Budker et al. 14] (Budker et al. 14]
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bl Hz KHz MHz m GHz THz
10—2 f

o . . _3
CASPETr-Electric in Boston 10 CASPEr-electric

 Initial pathfinder experiment 10—
deep in the excluded region

10-8 SN1987A
102 Planck+BAO

[Aybas et al., 2101.01241]
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([ "Haloscope bounds shown assume
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mHz Hz kHz MHz GHz THz
102
e CASPEr-Electric in Boston igj CASIIB R e
« Initial pathfinder experiment deep 10—2
in the excluded region 10~

SN1987A
Planck+BAO

[Aybas et al., 2101.01241] S 100
* Full experiment designed to 00 10‘1?
reach QCD axion band }8_18
102 "Haloscope bounds shown assume
10~20 axion to be 100% of DM. In general,

scale as \/ppn/pa
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NMR Experiments .o -3 ?EDM PN VON Y = =2 anvy @ N0 5N PP
Searches for oscillating NEDMs ¢

axion Compton frequency (Hz)

« CASPETr-Electric in Boston 108 1010

in the excluded region

10?
- Initial pathfinder experiment deep { SN1987A
|
I
|
|

[Aybas et al., 2101.01241]

* Full experiment designed to
reach QCD axion band in mass
region predicted by SO(10) x
U(1)pq GUT

spin noise

axion QCD coupling g4 (GeV™?)

phase Il

10712 1078 10
axion mass (eV)
[Ernst, Di Luzio, AR, Tamarit, arXiv:1811.11860]
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Summary

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

ALPS [AXO "
AN SuperMAG,
ONOME ‘
ARIADHE (Globe) MICROSCOPE
ADMX Edt- “’..l' SQuAD / ‘SuperCDMS \ AU (Space)
onpuzus BREAD SENSEI
Lico SQMS suo I AMAILS
mm@- i "‘s‘ﬂr“.,c mmc>
DM- hdlo « CAsper  EDELWEISS 7 ~ fcovmy; ChangE— CAPP_sumico
smr:/“ ARGO-Y) Chang P 2l
OUALIPHIDE ABRACADABRA \SAPPHIRE £ <~ DANCE
Dark E-field Radio \'-‘“‘“’°3' > DOSUE-RR
mn AI.PHA Lico ADMX / QUAxm" DarkSide hmx_;/sr - ' SAPPHIRES
' ‘ MuDHI “\ _TASEM
Axion - PoLARBEAR
< ™% UPLOAD/DOWNLOAD N
Dark photon - 4 ORGAN &
Scalar/vector sP1 ice

\

« Many new experimental techniques developed ... often in very tight collaborations between
phenomenologically oriented theorists and theoretically interested experimentalists

Stay tuned!
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Searches for High-Frequency Gravitational Waves

Axion haloscopes, LSW experiments, and helioscopes as HF-GW detectors
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[AR, Carlos Tamarit, arXiv:2203.00621]
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[AR et al., 2011.04731]
[Berlin et al., 2112.11465]
[Domcke et al., 2202.00695]

[Franciolini et al., 2205.02153]
[Berlin et al., 2303.01518]

[Domcke et al., 2306.03125]

Page 91



Searches for High-Frequency Gravitational Waves

Axion haloscopes, LSW experiments, and helioscopes as HF-GW detectors
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[Domcke, Garcia-Cely, Rodd, 2202.00695]
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