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T h e AXi O n [Peccei,Quinn "77; Weinberg "78; Wilczek "78]

[Preskill, Wise,Wilczek 83; Abbott,Sikivie 83; Dine,Fischler 83,....]

« Extensions of the Standard Model (SM) featuring the
axion answer two fundamental questions in one go
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T h e AXi O n [Peccei,Quinn "77; Weinberg "78; Wilczek "78]

[Preskill, Wise,Wilczek 83; Abbott,Sikivie 83; Dine,Fischler 83,....]

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

1. Why do strong interactions conserve CP so accurately?
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T h e AXi O n [Peccei,Quinn "77; Weinberg "78; Wilczek 78]

[Preskill, Wise,Wilczek 83; Abbott,Sikivie 83; Dine,Fischler 83,....]

« Extensions of the Standard Model (SM) featuring the Theta-term in QCD Lagrangian:
axion answer two fundamental questions in one go: [Belavin et al. 75;'t Hooft 76;Callan et al. *76;Jackiw,Rebbi "76 ]
1. Why do strong interactions conserve CP so accurately? Laocp D0 —Gb LGOHY

» violates P and T (and thus CP) conservation
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T h e AXi O n [Peccei,Quinn "77; Weinberg "78; Wilczek "78]

[Preskill, Wise,Wilczek 83; Abbott,Sikivie 83; Dine,Fischler 83,....]

« Extensions of the Standard Model (SM) featuring the Theta-term in QCD Lagrangian:
axion answer two fundamental questions in one go. [Belavin et al. '75;"t Hooft 76;Callan et al. "76;Jackiw,Rebbi "76 ]
1. Why do strong interactions conserve CP so accurately? Laocp D0 —Gb LGOHY

» violates P and T (and thus CP) conservation
» leads to electric dipole moment of neutron (nEDM):

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

mymg 1

d,, ~ Oe~1071% 0 ecm

My + Mg M2

[Hook 18]
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T h e AXi O n [Peccei,Quinn "77; Weinberg "78; Wilczek "78]

[Preskill, Wise,Wilczek 83; Abbott,Sikivie 83; Dine,Fischler 83,....]

« Extensions of the Standard Model (SM) featuring the Theta-term in QCD Lagrangian:
axion answer two fundamental questions in one go. [Belavin et al. '75;"t Hooft 76;Callan et al. "76;Jackiw,Rebbi "76 ]
1. Why do strong interactions conserve CP so accurately? Laocp D0 —Gb LGOHY

violates P and T (and thus CP) conservation

leads to electric dipole moment of neutron (nEDM):

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

mymg 1

d,, ~ Oe~1071% 0 ecm

My + Mg M2

Experiment: [abeletal. 20]

dy| < 1.8 x 107%*¢ ecm

[Hook 18]
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T h e AXi O n [Peccei,Quinn "77; Weinberg "78; Wilczek "78]

[Preskill, Wise,Wilczek 83; Abbott,Sikivie 83; Dine,Fischler 83,....]

« Extensions of the Standard Model (SM) featuring the Theta-term in QCD Lagrangian:
axion answer two fundamental questions in one go. [Belavin et al. '75;"t Hooft 76;Callan et al. "76;Jackiw,Rebbi "76 ]
1. Why do strong interactions conserve CP so accurately? Laocp D0 —Gb LGOHY

violates P and T (and thus CP) conservation

leads to electric dipole moment of neutron (nEDM):

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

mymg 1

d,, ~ Oe~1071% 0 ecm

My + Mg M2

Experiment: [abeletal. 20]

dy| < 1.8 x 107%*¢ ecm = 16| < 10719

[Hook 18]
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T h e AXi o n [Peccei,Quinn "77; Weinberg "78; Wilczek 78]

[Preskill, Wise,Wilczek 83; Abbott,Sikivie 83; Dine,Fischler 83,....]

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

1. Why do strong interactions conserve CP so accurately?

2. What is the nature of dark matter (DM)?
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The Axion

Minimal SM extension solving strong CP problem
[Kim 79;Shifman,Vainshtein,Zakharov 80]
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The Axion

Minimal SM extension solving strong CP problem
[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 @ charged under it:
2

v _
LD =X <02—P2)Q> +yo Qr9r

[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 @ charged under it:

2
v _
LD =X |0[2—PTQ +yo Qr9r

» Features three particles beyond SM:

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

1

[“(‘””) = 5 (vpa + p(a) ew<w>/vm]

[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 @ charged under it:

2
v _
LD =X <02 PTQ +yo Qr9r

» Features three particles beyond SM:
1. Excitation of angular field a : axion (NG-boson)
2. Excitation of modulus field p: m, = \/@Up@
3. Exotic quark: mg = iUPQ

V2

* Integrating out the modulus and the exotic quark

DESY. | Axion dark matter (theory and experiment) | Andreas Ringwald, TAUP2023, Vienna, Austria, 28th August — 1st September 2023

Q

Q

gS\Q_QQ_Qo_Q_cg

y

gLQQ_QQ_QQ_Sg'

[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 @ charged under it:
2

v _
LD =X, ]a!Q—PTQ +yo Qr9r g

» Features three particles beyond SM: —
o : . 27T?JPQ
1. Excitation of angular field a : axion (NG-boson)
2. Excitation of modulus field p: m, = v/ 2A,vpq
Y
3. Exoti k: mo = —=0
xotic quar Q \/§ PQ
* Integrating out the modulus and the exotic quark, the g
dynamics of the axion is described by

1 ) .
Lot O 50"adua+ = —G5, G

oz UPQ
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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 @ charged under it:
2

v _
L5 | lol =2 +90Q19r g

(87
» Features three particles beyond SM: _5
27T?}PQ

1. Excitation of angular field a : axion (NG-boson)
2. Excitation of modulus field p: m, = v/ 2A,vpq
Y
3. Exoti k: mg = —=v
xotic quar Q \/§ PQ
* Integrating out the modulus and the exotic quark, the g
dynamics of the axion is described by

1 ) .
Lot O 50"adua+ = —G5, G

oz UPQ
- P-parameter can be eliminated: a(z) — a(x) — O vpq
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The Axion

[Kim 79;Shifman,Vainshtein,Zakharov 80]
« Add to SM a singlet complex scalar field o, featuringa  « Effective axion potential at energies below

spontaneously broken global axial U(1)pq symmetry confinement scale [Di Vecchia,Veneziano '80; Leutwyler Smilga 92]
and an exotic quark @ charged under it:
q < 5 92 9 .9 V1+ 22 +2zcosf
v _ V(@)=mzfz|1-
2 PQ e 1+ 2
LD =) ’O” —T +yUQLQR

» Features three particles beyond SM: z=my/mg ~1/2

1. Excitation of angular field a : axion (NG-boson)
2. Excitation of modulus field p: m, = v/ 2A,vpq
Y

3. Exotic quark: mg = EUPQ

« Integrating out the modulus and the exotic quark, the ; , , /0 =ajvpq

dynamics of the axion is described by —2r -7 |0 T 2

Legg D 18“&8 a4 =2 4 qa Gaww predicts
2 a 81 UPQ ad .
B o _ « (A(x)) =0 = nEDM vanishes
* @-parameter can be eliminated: a(x) — a(z) — 6 vpq _
¢ axion mass:

« Integrating out gluons (matching to chiral Lagrangian) S VV'0) _ Vz omafx 6 ueV (1012 GeV>

results in non-trivial effective potential for axion field ¢ UpPQ 1+2 wvpqg i UpPQ
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The Axion

Effective field theory below QCD scale
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The Axion

Effective field theory below QCD scale

1
LD = 2 2
2maa
o e VE T I
IL+2  fa
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The Axion

Effective field theory below QCD scale

1 ) GCNEDM — U
LD —§m3a2 — = aY N YsYNFH

2 Ja
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The Axion

Effective field theory below QCD scale

1 1 eC’ — -
[,D—§m2a2 5 1\}EDM Y NO s WN FHY —I—C’aw f FWF”
Y
a———
~

DESY. | Axion dark matter (theory and experiment) | Andreas Ringwald, TAUP2023, Vienna, Austria, 28th August — 1st September 2023 Page 19



The Axion

1 2 9 z'eCNEDM — > a a
ED—imaa 3/ a) oY YNEH —I—C'a78—7rﬁ

1 0,a —
5 Caf—— ! v51y

F, F" 4

f
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The Axion

1 5 5 1eCNEDM — y a a ~., 1 0,0 —
ED—imaa —5 aYNO L YsYN —I—C’CWS— Y ik +§Caf¢f7”75¢f

« Couplings to SM suppressed by powers of axion decay constant f, = vpg/2Ng > v ~ 246 GeV
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The Axion

1 1 eECNEDM — 5 a a ~ 1 0,a —
£3_5m3a2_§ f a¢NJuV75¢NFM +Ca78_ﬂ_f_F,uuF'u +§Caf; ¢f7u75¢f
Y
a,———-C(i
Y

« Couplings to SM suppressed by powers of axion decay constant f, = vpg/2Ng > v ~ 246 GeV

« Coupling to photons experimentally most important:

1012 GeV
Jayy = %Ca,y =~ 10_15 GeV_l ( f © > Ca,y
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The Axion

1 1 eC — U dua
LD —§m2a2 — 5 ?EDM ¢NJMV75¢NFM +CCW f P‘,UT/FWIu + 5 Caf f wffy 75¢f
Y
a ———-c(i
Y

« Couplings to SM suppressed by powers of axion decay constant f, = vpg/2Ng > v ~ 246 GeV

« Coupling to photons experimentally most important: qo e
~y
o« i _1 [10*2 GeV
Jayy = Rcafy ~ 10 GeV ( 7 Cafy Q
E 24
+  Wilson coefficient: ch = —L 2 [Kaplan 85;Srednicki "85] y ©
NQ 31+Z z2=my/mqg~1/2
Q
~

qo €
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The Axion

1 1 eC — ~, 1 0,0 —
LD ——m2a2 — = NEDM wNJuV75¢NFM + Ca'y F,ul/Flu + = Caf 2 ¢f7u75¢f
2 2 fa fCL 2 fa/
8
a === -C(:i
Y
« Couplings to SM suppressed by powers of axion decay constant f, = vpg/2Ng > v ~ 246 GeV
« Coupling to photons experimentally most important: de €
-
 « i 4 (102 GeV
Javyy = RCCVY ~ 10 GeV ( fa Cafy Q
E 24
* Wilson coefficient: CCW — L _ L [Kaplan 85;Srednicki *85] y ©
NQ 31+Z z2=my/mqg~1/2
- For exotic quark Q with electric charge qo: Ng =1/2, Eg =3¢} Q
~

qo €
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The Axion

o a mgl+4+z [(Eg 2442
Jayy = 57 Cay = 3
27 fy, 27 fr myr V2 \No 314z
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The Axion

Electromagnetic coupling

a mgl4dz [(Eog 2442z

(87
avy = ——Cory 108 rrrrrm—rrrm e
Javy = o M = ot my Jz \Na 31+ 2
10°°
« Allowing for more general representations of exotic quark 1o-10f CAST

ALPS-II

leads to “band” of predictions for photon coupling

1071

|8ayy|[GeV ']

10 14

10718

oyl o vvvewd vl v vl o vl 3

10718 4
10% 107 10°% 10° 10* 10° 102 10" 1 10

m, [eV]

[Di Luzio,Mescia,Nardi 16, 18]
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The Axion

_ X s mel+z (Eo 24+z2
Javy = o M = ot my Jz \Na 31+ 2

—
o
w0
T T 7T T T TTTy

« Allowing for more general representations of exotic quark 100 CAST
leads to “band” of predictions for photon coupling FALPS-II
107"E 1AXO

« What if exotic quark carries a magnetic charge? isokolov.Ar 21, 22, 23

* Its existence would explain not only strong CP conservation,

|8ayy|[GeV ']

T T TTT0 LELLLRLLL B

. . 1 13 d
but also charge quantisation [Dirac 1931, Schwinger 1966, Zwanziger 1968] 0 /
14 o o ’
10 “ ’ e
//\'/' .’I
10715 $ J /"

T
10% 107 10°® 10° 10* 10° 102 10" 1 10
m, [eV]

[Di Luzio,Mescia,Nardi 16, 18]
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The Axion

a mglt+z /Lo 2442z
Jayy = 2fa = frm. 2 \No 31+z

—
o
©
[T T T T

« Allowing for more general representations of exotic quark
leads to “band” of predictions for photon coupling

[.

Al

M| TTTTT

. . . : 1 &
« What if exotic quark carries a magnetic charge? isocovar21,22,231 2 )
O 107,
* Its existence would explain not only strong CP conservation, = 13?
but also charge quantisation [Dirac 1931, Schwinger 1966, Zwanziger 1968] ~ —2 0
: go 90 i
* Induced photon coupling: 107
JaMM = aM ma]-—'_ZMQ Q MQ:392Q 10-15
27 fr My \/_ Ng ‘
g0 90°8 v 101160310710‘5’10510“103102101 110
strongly enhanced due to charge quantisation (e gg = 67 n): . [eV]
2 a
o 90 B 9_7T B g&—l N gaMM _ (3gg> o2~ 105 [Di Luzio,Mescia,Nardi 16, 18]
M=r T2 " 1 Gary~y 2qo
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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:

A UPQ > ThOt iital U P Q < ThOt
/ cond|t|ons\
. Axion comes to existence as soon as Peccei-Quinn (PQ) sym- Thot thot '-:::::21::0;::L'_'_IIZ::::::::::: ~.::’::ZiZZIZ:f};;'_';::Z:f:‘:::» )
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,.: 3
:
<
&
The =
CMB
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[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

Production

Time

-

The
CMB
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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

A:

A UPQ > ThOt Initial

f{ / conditio
i i _Qui T A ——
« Axion comes to existence as soon as Peccei-Quinn (PQ) sym- et o g
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,.:
e —
« Scenario A (“pre-inflationary PQ breaking”): \ rmonic motion
« axion DM production by realignment mechanism
[Preskill, Wise,Wilczek 83; Abbott,Sikivie 83; Dine,Fischler 83,....]
« DM axion mass not fixed by DM abundance: g =
6 eV 1.165 @ O
Q12 = 0.12 ( - ) 02,  0; = a(tnet)/fa ; g n
[Borsanyi et al. “16] g _8 E ”
< 9
< (ol
oy, 0
Axion Field, 0
The
CMB
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[Chadha-Day, Ellis, Marsh, Science Advances 22]

At most one year

300000 years
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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 =y )

=8
[}
&

«  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;...] The

me ~ 26 peV — 0.5 meV, for Npw = 2Ng =1 CMB
> —
mq Z meV, for Npw = 2Ng > 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+ 0, Pre inflation 0, > m Sub dominant

~
Tt -

Excluded by astrophysics

A

ULLLL S LALLLLL SR BLALY SR ALL! SR S AL P LA L ALALLLLY AL AL L L ALLLLL S LALALAL LN AL AL
10 10° 10% 107 10° 10° 10* 10° 102 10! 10° 10! 102 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+ 6, Pre inflation 0, > m Sub dominant

~ ~
- -

A

Haloscopes: [ > aFWF“” =gsyaE-B Excluded by astrophysics

Lumped-elements

. Microwave :
SRF upconversion o Dish antennas
cavities
ULLLL S LALLLLL SR BLALY SR ALL! SR S AL P LA L ALALLLLY AL AL L L ALLLLL S LALALAL LN AL AL
10°* 10 10 107 10° 10° 10* 107 102 107! 10° 10! 10? 10°
m, [eV]

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

« 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, > m Sub dominant

~
Tt -

Excluded by astrophysics

A

z'eC’NEDM — 1 0,a —
L5 A ay oY YN + 3 Cun ; YNV 5N
a a
NMR
ULLLL S LALLLLL SR BLALY SR ALL! SR S AL P LA L ALALLLLY AL AL L L ALLLLL S LALALAL LN AL AL
10 10° 10% 107 10° 10° 10* 10° 102 10! 10° 10! 102 10°

m, [eV]

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

Enormous number of axion experiments worldwide

Chandra, NuSTAR,

22 * ; < > < = Fermi, Planck,
: T < INTEGRAL
' -y ALPSIAXO s ’ N XMM-Newton
5§ SuperMAG, eROSITA, COBE,
£ 7 2 "(glob“)ﬁ HINODE, LISA,
— B NSO obe;
m—m of 'ARIADNE . mcl(‘sop?:?“
SQuAD /| ‘SuperCDMS
ORPI-IE SENSEI
Lico SOMS SNO AMAILS
MAOIS\- I i y .
DM-Radlo ‘\ Y .. ‘< CASPEr EDE'-WGE;D’“:’(/'] A#G0.ysy ChangE— °“” SUMICO
QUALIPHIDE ety . | 'ABRACADABRA  "aypica DN . ‘ énmc:
LAMPOST \mpmn:
Dark E-field Radio /\ & PVLAS XENON "~ NASDUCK N S f DOSUE-RR
BACON | AI.PHA Lico . ADMX / QUAX Darkbide g PandaX—/  ’, SAPPHIRES
s aoic” B T
HA v:r/ \ e MubDHI X TASEH .
e PO m QKA
Dark photon . UPLOAD/DOWHLOAD ) pem
, VAP ORGAN —
(MUSE /IMC 'u( \ SKA
Scalar/vector | 8P, BicEP
(Antarctica) ¢
\ | [https://github.com/cajoharé/AxionLimits]
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Axion Dark Matter Experiments

Enormous number of axion experiments worldwide

Can only talk about a subset of them ...

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

SUPOIMAO,
GNOME
(Globe)

(Space)
AMAILS
N 3 = CMIIQE““ SUMICO
QUALIPHIDE NEDM sy meum ' 4 DANCGE
Dark E-field Radio /' XENON ~——NASDUCK ._ ) f DOSUE-RR
BACON ' ‘ALPH g DarkSide . .  PandeX—/  ’, SAPPHIRES
\ YU Fast”
MuDHI @E{ 4
AXIO“ \ HESS. _ UPLOAD NLOAD \ :
Darkphoton .. &% = T
(MUSE/VIMOS) SKA
Scalar/vector = 8PT.BicEP |
wl \ \ [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 by
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) =~ \/2pa cos(mat) /mq

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

Pa = P 2 0.45GeV cm ™3
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Haloscopes

L

5 g%aFWFW = g, oE-B

« Concept: In microwave cavity placed in magnetic field, DM axion converts into photon

Resonant
cavity
Magnetic —
field

i (%)
Axion ~_

—

\\Signal
, > Detector
‘) R Photon frequency
) (x axion mass)
; Photon —
3
'/"_\) 8
Virtual >
photon Frequency

-

[Irastorza, Nature 21]
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Haloscopes

« Concept: In microwave cavity placed in magnetic field, DM axion converts into photon

Resonant
cavity

Magnetic —

field

ion @
Axione_

DESY. | Axion dark matter (theory and experiment) | Andreas Ringwald, TAUP2023,

£D@

4

aF,,F" = g.aE-B

y N . Signal
\ Photon -
3
B ) S
Virtual
‘ photon )
- -

» Detector

Photon frequency
(e<axion mass)

A

\J

Frequency

[Irastorza, Nature 21]

Vienna, Austria, 28th August — 1st September 2023

[Sikivie 83]

If axion mass matches reso-
nance frequency of cavity,

1%
a — 2 res ™ 1 \Y ( = )
m TV neV | o,

power output

Pout ~ gpraBgVQ
enhanced by quality factor
Q ~ 10°

Need to scan by tuning reso-
nance frequency
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Haloscopes LD

Microwave cavities

« Currently running:

« ADMX

e CAPP [Sung Woo Youn, DM par. session 2A]

« CAST-CAPP

« GrAHal

« HAYSTAC
« ORGAN
+ QUAX

« RADES

« TASEH

DESY. | Axion dark matter (theory and experiment) | Andreas Ringwald, TAUP2023, Vienna, Austria, 28th August — 1st September 2023
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Haloscopes LD

Microwave cavities

« Currently running:

« ADMX

e CAPP [Sung Woo Youn, DM par. session 2A]

« CAST-CAPP

« GrAHal

« HAYSTAC
« ORGAN

+ QUAX

« RADES

« TASEH

4

109 GHz

T

> 1010 Ao
O ] .
8 I
s~ 107! T
S :

10—12 %

ddVD

HAYSTAC

10—14

10—15

10—16

T III"I LAY ALY LY e
\

\

\

\ <

%

BabyIAXO

THz

-—- |
/, 4 =
- 4 ] J
1 —
v 5
=
=
-
p S~ i _
1 — ,/
: = 1
i P Lo =
"4
1 74 LAMPOST 3
1 AL —
-
oo 7
2SS .
—
=
pu
=
.
_

Ll

- =
4 "Haloscope bounds shown assume ;
axion to be 100% of DM. In general, 3
S scale as \/ppwi/pa .
10—17 Lo Lo Ll L ad Ll Ll

106 1073 1074 1073 1072 107!
[https://github.com/cajohare/AxionLimits] ma [eV-
Page 46
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4
Microwave cavities GHz THz
— 107°
e |
* Currently running: > i Neuton
q) S - — ‘5 ars
+ ADMX O i
— 1 i iy Ry fompiey-pef AR T
e CAPP [sung Woo Youn, DM par. session 2A] § 10 | .. Tooki Eﬂ’ \ L
%(:D’J -4 S~ gl ::’, E
- CAST-CAPP S0 . & i
— — - i,/” : ,’,/ - ‘&:1
 GrAHal S - i & LAMPOST -
— CAD -7 _
- HAYSTAC 10-13 L | _
E o =
- ORGAN : L s
—14 _
« QUAX 107 E
- RADES sl .
10 = =
* TASEH = /o8 A/wh E
e 'duf\;*‘;’ ,,/@WL N
« More experiments proposed 10-16 EAT 5T *Halostcoge $gg;d3fsgﬁﬂwrl1 assume
o SN axion to be 0 O . In general, 3
L , EEO scale as \/ppu/pa ]
* Wlthln next decade: microwave 1017 Ll L1l L1l Ll L1 IDIl\l/Illl L1l
iti il di i i 10-° 1072 10~ 107 1072 10~
cavities will dig deep into vanilla )
axion band in mass range [https://github.com/cajohare/AxionLimits] Mq [eV-

ueV < mg < 100 eV
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« Dish antenna concept:
[Horns,Jaeckel,Lindner,Lobanov,Redondo,AR 13]

» Oscillating axion DM in a background magnetic field carries a
small electric field component,
Ea(t) = —gméa(t)
» 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:

W g 2 /1074eV\° / B \°
~ 10-27 ( ayy ) VeV e
P/A=10 m2 \ 1014 GeV—1 My 10T

« Broadband! No tuning necessary!
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Dish antennas !
- BRASS @ U Hamburg Plane permanently mag-
= o netized conversion panel
| - e B=08T
el A = 4.7m? BRASS
e 14 B » Spherical reflector

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

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

B~10T

. PP ENVAV A~ 10m?
< : ‘ [Liu et al., 22]

BREAD
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4
Dish antennas L GHz THz
|
® BRASS @ U Hamburg > 10_10 Neutron
O
Correla:or/ Magnetized Surface O lp 7/ :
azer | [l gtechorn a0 ~. MW S BabylAXO -
1B S > 1071 = 4
[=T 80 . o é : .
Detector Room A —12 _— z : *****
— 1B 10 = § o i LAMPOSTEJ
10-13 L E ’ 4
. - % NILE® 3
- BREAD @ Fermilab ul = Rk .
B 10 E I - =
ext — % =
——— [ o s ]
10715 | . 1 i
E \)P‘ /’: s ”,”l g
2 Y‘ e %\:ﬁg/whxlx,b\\]\% ]
10-16 E v i "Haloscope bounds shown assume -
%&o el axion to be 100% of DM. In general, =
E scale as /ppni/pa N
10—17 Lo Lo Ll L ad Lorad Ll
106 1073 1074 1073 1072 107!
2R . [https://github.com/cajohare/AxionLimits] ma [eV-
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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

YYYYYYYYYYYYY

Mirror Dielectric Disks Receiver
[Caldwell et al. "16]
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Dish antennas

MADMAX @ DESY [Juan Maldonado, poster session A]

[Juan Maldonado, DM parallel session 8B]
« Conceptional design [Bruns etal. 19]

~ . _ el
~—~

10 T dipole Horn

magnet antenna
(+ receiver)

« 10 T magnet Mi"(

A

« Large number of adjustable
dielectric disks

« Tunable frequency and

bandwidth
106§|""| T T T T3
g — Ayﬂ — 200 MH:
10° ¢ — Awy =50 MHz 3
%104;_ — Avg=1MHz
s i 80 adjustable Separate
10 _ 3 dielectric discs Parabolic cryogenic
o2l L N @:~1m Mirror volume
24.8 25.0 25.1 25.2

v, |GHz]
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Haloscopes LD % aF,,F" =g, aE B TMADM;&X?or.otgtprat MORPYR
Dish antennas C e o et

MADMAX @ DESY [Juan Maldonado, poster session A]

[Juan Maldonado, DM parallel session 8B]
« Conceptional design [Bruns etal. 19]
« 10 T magnet

« Large number of adjustable
dielectric disks

|
©

10
« Tunable frequency and SRET v
bandwidth -10
10 Morpurgo 2022
« Prototype tests and science » orojected sensitivity
runs exploiting MORPURGO L 0 Zy | 4 disks. 11K 16T
magnet at CERN are goingon 2., -+
>
* New prototype magnet could s
: 10 QCD axion
allow further exploration of so EIS=\S/§
far unexplored parameter range 10"

77.0 77.5 78.0 78.5 79.0 79.5 80.0
Axion mass [ueV]
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4
Dish antennas GHz THz
— 10_9
o
|
MADMAX @ DESY q>) 10_10 Nstl:]tll_:m
. Conceptional design [Bruns etal. 19] O ‘ - -
[— 11
> 10 -
« 10 T magnet 0% E > 3
- a2 T ]
 Large number of adjustable 10-12 & ~ g oo
. C g E boa i ol LAMPOST 3
dielectric disks = L = =
. CADEX S .
« Tunable frequency and 1078k E 3 ; =
bandwidth - 2 ; -
* Prototype tests and science 107" E cad E
runs exploiting MORPURGO - b ]
magnet at CERN are going on -t e A /WH {.’ E
- v ’,a’ -
» Lo :mf?:zko’ /,/E\ON\ ]
* New prototype magnet could 10-1 3 ?"“\Qx';“?i/” "Haloscope bounds shown assume
. = i - . % - =
allow further exploration of so E axion ;osbe;OO ;p"f DM. In general, 3
| - V PDM/ FPa -1
farunex |Ored arameterran e 10—17 Lo Lol Ll Lol Lol Lol
P P 9 10-6 1073 104 1073 1072 107!
«  Full MADMAX expected to mg, [eV

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

start data taking in 2030

DESY. | Axion dark matter (theory and experiment) | Andreas Ringwald, TAUP2023, Vienna, Austria, 28th August — 1st September 2023 Page 54



Haloscopes L9 4 F, F" =g, oE-B

 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]

DESY. | Axion dark matter (theory and experiment) | Andreas Ringwald, TAUP2023, Vienna, Austria, 28th August — 1st September 2023 Page 56



Haloscopes L5 % aF,, " = giaE - B

Plasma haloscope

ALPHA Pathfinder

ALPHA @ Oakridge
» 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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4
Plasma haloscope o GHz THz
: 10~
: |
ALPHA @ Oakl’ldge q>) 10_10 Nstljltll_:swll

« Goal: building tunable, cryogenic O / | w =
[— : i 4
plasma haloscope s 1071 % ~
. G Fulsars > E
» ALPHA Pathfinder S0 » e ) 4 )
1 10_12 = @ = i // L--TTT S
* 20 cm bore 8T solenoid = -l LAMPOST
_ _ = s -
« several wire material prototy- -1 L E o ¥ i
pes constructed = a A =
« tuning with low power piezo- o4 L < i
electric translation = 5 -
* sensitive to mass range 10-15 L . _
around 10-20 GHz S 'A/wh <& =
F ISl O 5D ]
» data run expected ~2026 mdd - ?"““@;%?i,/' : "Haloscope bounds shown assume -
. . e axion to be 100% of DM. In general, 3
* Full A.LPHA qu|gned to dlg :/’N\Q“ﬁ - scale as \/m 7

deep|ntoaX|onband 1017 L Ll Ll Ll Ll Ll L1l

106 107> 1074 1073 1072 107!

mg eV

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

Toroid vs solenoid

» Toroidal (solenoidal) magnet with fixed field By

« Axion DM generates oscillating effective current
Jof parallel to By

* ... generating oscillating magnetic flux B, through
center (azimuthal magnetic flux)

* ... which can be read out by pickup structure

2ppm cos(mgt)B

[Salemi 21]
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Lumped-element detectors

* Pilot experiments:

. ABRACADABRA [Ouellet et al. 19] i— —

i N Hz kHz MHz
« ADMX SLIC [Crisosto et al. 20] W _——

s _'"-1.1:‘ -8 ] CAST
« SHAFT [Gramolin et al. 21] - | (e

- /\BRA('AD/\BRI\-I() cm 95% Limit
(This Work) 'XMSFAFT
" )
e

ABRA-10cm

SLIC

PR
EUM//VA,Q
y

yd

T
1013

r T
101 107

T
015
fa (Gc\%
T T T T T T T N
10-12 10-10 10-8 10-°
mg (eV)

[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: ” 0’ "

« WISPLC  [zhang,Horns,Ghosh 22]

-12 WISPLC Broadband

___________________

10 1 1 I"IV|’V/I‘ 1 1 N 0d bl T T | T lllllli 1 LU
B 10 10° 10° 107 10
Mq [€V]  [Zhang,Horns,Ghosh 22]
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Lumped-element detectors

245

DMRadio

* Pilot experiments:

« ABRACADABRA [Ouellet et al. 19]
e ADMX SLIC [Crisosto et al. 20]
« SHAFT [Gramolin et al. 21]

iy
o

A
\
\
N
\
\
\
\
N
\
\
\
\
\
\
\
\
\
\
\
\
\
\
\
\
\
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\
NS

tr ]‘]\
|
1

i

%

* Next generation soon at start:

=

]
f
f
f
/
/
/
/
f
f
!
i
/
/
/
/
!
f
/
/
f
i
/
/
f

A
?
Z2
2
2
Z2
Z2
Z2
g2
Z2
2
2
2
2
Z

" §
J H
NNNSSSSSSSSSSSSSSSSSSSS————

Y

\
|

« WISPLC [Zhang,Horns,Ghosh 22]
« DMRadio

[Chiara Salemi, DM par. session 2A]
[Jessica Fry, DM par. session 2A] 10-12
[Nicholas Rapidis, DM par. session 2A]

« DMRadio-50L
« DMRadio-m3
« DMRadio-GUT

10~ 10710 1077 T 107 10°° 107°
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106
* Pilot experiments: 107
3 ABRA
- ABRACADABRA [Ouellet et al. 19] 10 10 cm lar SRR
| 109 Solar v )
« ADMX SLIC [Crisosto et al. 20] .
: 1010 VAT MWD X-rays Globular clusters D=y
® SHAFT [GramOIIn et al 21] Eermi-SNe bl d 5 - S/\/]g&)A

r—
L
. | 10_11 5 Fermi Q\@*"\‘% .,,\‘*"*0 i g § ?fg & @)
« Next generation soon at start: > e ¢ (LI =4 NN )
L 1012 = 2 o & 0% X
« WISPLC [Zhang,Horns,Ghosh 22] |U| 10—13 % 0‘¢> &=
3 %
° i ] <
DMRadio g 101 o 2\
[Chiara Salemi, DM par. session 2A] 80 10-15 ;
[Jessica Fry, DM par. session 2A] E— 3 ;
[Nicholas Rapidis, DM par. session 2A] 1016 = Y i /'FEX‘;%IAXO'RADES :\,
3 -+ \
° 10- —-17 _ N /‘
DMRadio-50L 10 E RN 2 THESEUS” W
. in-m3 —18 %o XMM-Newt
DMRadio-m 1071 o NuSTAR
. - INTEGRAL
* DMRadIO-GUT 10_19 LRLILLLLL UL WAL URLALLLLY BLRLLLLL LARUALLLLLY LAUALLAL! BLUALLLL SULALLLLLY SLBLALLLLL WSLRLAALLL WUAULLLL BUUALALLL BALARLL BmAL

O .9 % 1 6 5 & % 2 Vv & VARG O o .
@/ﬂ@/“@/\ 040407 4074040 40 40 407 A0 A0 AT 40 A0 AT AT 40

"Haloscope bounds shown assume
mg [eV] axion to be 100% of DM. In general,

scale as v/ ppMm/Pa
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Lumped-element detectors

« Lumped-element detectors can also probe the new couplings of the monopole-philic axion:

e — 1| iUPLOAD: :
! | . P — Can ABRA
_ : OR: - 1010 SHAFT CAST
107 ' TAXO! %
— . . 10~ 11
‘T> 201 .L_D. lo-12 Astrophysics
v 10712 . %0 &‘A o
O -ﬁ_‘ 10°° - & Zam o
a ~14 w e
10715 - g v = =
- Y1015 /. g MM Resonant
% 5 L0-16 g.MM ’ %0,{\{ Haloscopes
(@)} 10_18 . O o @@
-------- R=lcm, L=1uH, Ty=1K | < 10717 ©®‘?®
_ Q. C
R i, L= 104, Ty=0.1K] & 10718 Qe
----------- - R=1Im, L= s =0.
1021 KN . o)
1 : 1 N | N 1 . | ’>'-<‘ | LLBLALALLL B Illllm L L ALl ALl e
10-12 10-10 1078 1078 1074 1072 < 10~ 1071 107% 10® 1077 107® 107° 107* 1073 1072
m, [eV] Axion mass [eV]
a
"Haloscope bounds shown assume  adapted from [Li,Zhang,Dai, 2211.06847] [Tobar,Sokolov,AR,Goryaev, 2306.13320]
axion to be 100% of DM. In general,
scale as\/ppn/pa

DESY. | Axion dark matter (theory and experiment) | Andreas Ringwald, TAUP2023, Vienna, Austria, 28th August — 1st September 2023 Page 64



1

2

NMR Experiments c> —gecl}EDM s Y = —

GJaN~ A @NU,LWVESwNF'uV

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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mHz Hz KHz MHz m GHz THz
10—2 f

« CASPEr-Electric in Boston igj CASPErelestric
 Initial pathfinder experiment 10"2
deep in the excluded region 10~

SN1987A
Planck+BAO

[Aybas et al., 2101.01241] S 10-15
x
&g 1016
10—17
10—18
10—19 .

Haloscope bounds shown assume
10~ ,/ JRY axion to be 100% of DM. In general,
10-21 il scale as \/ppai/pa
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[https://github.com/cajohare/AxionLimits] ma [eV]
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NMR Experiments LD —%’ecl}EDM ath oL YsON R = —%’gaN,Y at oL YshN FH

mHz Hz kHz MHz GHz THz

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

- Initial pathfinder experiment deep 107>
in the excluded region

SN1987A
107 Planck+BAO

[Aybas et al., 2101.01241]

10—16
10—17
10—18

10-% "Haloscope bounds shown assume
10~20 axion to be 100% of DM. In general,

7’
102! = scale as \/ppa/pa

. For nEDM bounds see poster session )
10  BLALILLLLL SUBLLLLL BALLLLL SUALLLL pALLL) ELALLL BRMAL [7 URLILLLLL LALLALLY B WAL ALY BLALALLLL WUAUALLALL AL BALALLLLLY BmALALL

. . 0 9 A% AT 46 45 x4 "W 0.9 & 1 6 5 & 3 2 3 O
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* Full experiment probes axion
dark matter in mass range
predicted by GUTs

[https://github.com/cajohare/AxionLimits] ma [eV]
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Searches for Home-Made or Solar Axions

« So far only discussed experiments sear-
ching for halo DM axions

* Further experiments not relying on galactic
halo being the source of axions:

 Light-shining through walls: [Anseim 85; van Bibber 87]

a a [Jack Halliday, poster session 2A]
2l VWE > ' gw Y
B B
v v*
P(’Y — a) =~ i (,‘]aq'yBLB)2 P(a — 'y) ad l (ga'y'yBLB)Q

4
* Helioscopes: [Sikivie 83]

d da
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¥* vy

*

1
P(a - ’Y) =~ 1 (ga'y*yBLB)Q
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Searches for Home-Made or Solar Axions

Further axion experiments . ALPS Il @ DESY: data taking started in May 2023

reference  LI-i-WWei Wei, DM par. session 4B]
« So far only discussed experiments sear- Production Cavity Laser  Regeneration Cavity
) ~124m , b ~124m :
ching for halo DM axions E | |
(— ﬁ]
. ) . ) [P PPt Pt Pt P P P[P | entra
* Further experiments not relying on galactic o Pover Magnet Stiing Optica! Bench Magnet String oo

halo being the source of axions:

» Light-shining through walls: [Anseim 85; van Bibber 87]

a a [Jack Halliday, poster session 2A]
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4

* Helioscopes: [Sikivie 83]
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Searches for Home-Made or Solar Axions

Further axion experiments

« So far only discussed experiments sear-

ching for halo DM axions

* Further experiments not relying on galactic High Power
halo being the source of axions:

» Light-shining through walls: [Anseim 85; van Bibber 87]

a a

8 ' ' 8
§B Bé
¥ v

1
4

1

2
1 (9a+BLB)

P(y—a) = (gawBLB)2 Pla— ) ~

* Helioscopes: [Sikivie 83]
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[Jack Halliday, poster session 2A]

- ALPS Il @ DESY: data taking started in May 2023
mRefe,ence [Li-Wei Wei, DM par. session 4B]

Production Cavity
~124m

Laser Regeneration Cavity

~124m

, Vienna, Austria, 28th August — 1st September 203

Magnet String

Central Local

Magnet String Oscillator

Optical Bench

— [Juanan Garcia, DM par. se:

o 3

[Christoph Wiesinger, poster session A] Page 71



Searches for Home-Made

Further axion experiments

So far only discussed experiments sear-
ching for halo DM axions

halo being the source of axions:

Light-shining through walls:

a

a

v v

PO= @)= (0 BLa)  Pla—7)~ (e BLp)"
* Helioscopes: [Sikivie 83]
d a
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Further experiments not relying on galactic

[Anselm 85; van Bibber 87]

[Jack Halliday, poster session 2A]

or Solar Axions
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Searches for High-Frequency Gravitational Waves

Axion haloscopes, LSW experiments, and helioscopes as HF-GW detectors il ot al. 160800232
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Summary

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

ALPS |AXO
MAX SuperMAG,
ONOME ‘
ARIADHE (Globe) MICROSCOPE
: ADMX EMW“II SQuAD /| ‘SuperCDMS X R\ (Space)
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LIGO SQMS suo : \ AMAILS
mo@- panioar "‘s‘:,i'r“.,c mmc>
DM- nadlo « CAsper  EDELWEISS —— ~ icovm; ChangE— CAPP_sumico
smrs/“ ARGO-vpy Chano P
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BACON AI.PHA Lico ADMX / QUAxm" DarkSide "“"'x_;;/sr - ! SAPPHIRES
S ‘ _ MuDHI “\ _TASEM
Axion - PoLARBEAR
N - UPLOAD/DOWNLOAD Oy
Dark photon &4 oRoAN ., _
(MUSE/
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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