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Dark Matter Puzzle

Plenty of proposed solutions
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Dark Matter Puzzle

Plenty of proposed solutions

Weakly Interacting Sub-eV Particles

(WISPs)

DESY. | Axions and Other Wave-Like Dark Matter Candidates | Andreas Ringwald, Astroparticle Symposium 2025, Orsay, France, 3-21 November 2025

Modified

e Gravity

Emergent
il Gravity

Other

Particle WIMPzilla

) Self-
Superfluid interacting

[Bertone, Tait, Nature 562 (2018) 7725, 51-56]

Page 3



Why Are We Interested in Bosonic WISPs?

Weakly Interacting Slim Particles (WISPs)
Fermionic DM
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adapted from [Prabhu, https://aniprabhu.com]

DESY. | Axions and Other Wave-Like Dark Matter Candidates | Andreas Ringwald, Astroparticle Symposium 2025, Orsay, France, 3-21 November 2025

Page 4



Why Are We Interested in Bosonic WISPs?

1. Because they are well motivated BSM (Beyond the Standard Model) particles!

Fermionic DM
(Sub-GeV, Sterile v, SIMPs, ...)

Compact
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Objects
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Q-balls, WIMPzillas,...) : i

Solar
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adapted from [Prabhu, https://aniprabhu.com]
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Why Are We Interested in Bosonic WISPs?

1. Because they are well motivated BSM (Beyond the Standard Model) particles!

2. Because they are well motivated Dark Matter (DM) candidates!
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Why Are We Interested in Bosonic WISPs?

1. Because they are well motivated BSM (Beyond the Standard Model) particles!
2. Because they are well motivated Dark Matter (DM) candidates!

3. Because they can be hunted in astrophysics and experiment!
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Bosonic WISPs are Well Motivated BSM Particles!
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Bosonic WISPs are Well Motivated BSM Particles!

Spin-0 WISPs
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Bosonic WISPs are Well Motivated BSM Particles!

Spin-0 WISPs
Pseudo Nambu-Goldstone bosons arising from the breaking of well-motivated symmetries beyond the
Standard Model (SM) at a scale much larger than the electroweak scale

[Raffelt]
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Bosonic WISPs are Well Motivated BSM Particles!

Spin-0 WISPs
Pseudo Nambu-Goldstone bosons arising from the breaking of well-motivated symmetries beyond the
Standard Model (SM) at a scale much larger than the electroweak scale, such as

- Parity odd:
* Peccei-Quinn symmetry: Axion [Peccei,Quinn 77; Weinberg "78; Wilczek "78]

[Raffelt]
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Bosonic WISPs are Well Motivated BSM Particles!

Pseudo Nambu-Goldstone bosons arising from the breaking of well-motivated symmetries beyond the
Standard Model (SM) at a scale much larger than the electroweak scale, such as

« Peccei-Quinn symmetry: Axion [Peccei,Quinn "77; Weinberg 78; Wilczek "78]
+ Gauge symmetries in ten dimensions: Type |l closed string axion-like particles (ALPs)
[Arvanitaki et al. "10; Cicoli,Goodsell, AR "12; ...]

[Raffelt]

[http://danielgrin.net/2015/11/23/]
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Bosonic WISPs are Well Motivated BSM Particles!

Pseudo Nambu-Goldstone bosons arising from the breaking of well-motivated symmetries beyond the
Standard Model (SM) at a scale much larger than the electroweak scale, such as

« Peccei-Quinn symmetry: Axion [Peccei,Quinn "77; Weinberg 78; Wilczek "78]
+ Gauge symmetries in ten dimensions: Type |l closed string axion-like particles (ALPs)
[Arvanitaki et al. "10; Cicoli,Goodsell, AR "12; ...]

[Raffelt]

[http://danielgrin.net/2015/11/23/]

 Scale invariance: Dilaton [Kaluza "1921;Klein "1926:...]
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Bosonic WISPs are Well Motivated BSM Particles!

Pseudo Nambu-Goldstone bosons arising from the breaking of well-motivated symmetries beyond the
Standard Model (SM) at a scale much larger than the electroweak scale, such as

« Peccei-Quinn symmetry: Axion [Peccei,Quinn "77; Weinberg 78; Wilczek "78]
+ Gauge symmetries in ten dimensions: Type |l closed string axion-like particles (ALPs)
[Arvanitaki et al. "10; Cicoli,Goodsell, AR "12; ...]

[Raffelt]

[http://danielgrin.net/2015/11/23/]

 Scale invariance: Dilaton [Kaluza "1921;Klein "1926:...]

can be naturally slim:

Massless as long as symmetry exact; small mass from tiny (non-perturbative) explicit symmetry breaking
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Bosonic WISPs are Well Motivated BSM Particles!

Spin-1 WISPs
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Bosonic WISPs are Well Motivated BSM Particles!

Spin-1 WISPs
Dark photons

« from a hidden sector U(1) gauge theory under which SM particles are uncharged
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Bosonic WISPs are Well Motivated BSM Particles!

Dark photons

« from a hidden sector U(1) gauge theory under which SM particles are uncharged, for example from
U(1)s occurring

« from the breaking of a grand unified gauge group [Holdom 86]
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Bosonic WISPs are Well Motivated BSM Particles!

Dark photons

« from a hidden sector U(1) gauge theory under which SM particles are uncharged, for example from
U(1)s occurring
« from the breaking of a grand unified gauge group [Holdom 86]

* in low energy effective field theories from string theory:
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Bosonic WISPs are Well Motivated BSM Particles!

Dark photons

« from a hidden sector U(1) gauge theory under which SM particles are uncharged, for example from
U(1)s occurring

« from the breaking of a grand unified gauge group [Holdom 86]
* in low energy effective field theories from string theory:
» hidden U(1)s of the heterotic string [Goodsell, Ramos-Sanchez, AR, 1110.6901]
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Bosonic WISPs are Well Motivated BSM Particles!

Dark photons

« from a hidden sector U(1) gauge theory under which SM particles are uncharged, for example from
U(1)s occurring

« from the breaking of a grand unified gauge group [Holdom 86]
* in low energy effective field theories from string theory:
» hidden U(1)s of the heterotic string [Goodsell, Ramos-Sanchez, AR, 1110.6901]
« compactifications of type Il string theory (brane world scenarios) [Abel et al. 08;Goodsell et al. 09;Cicoli et al. 11]

[Hebecker, Jaeckel, Kuespert, 2311.10817]
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Bosonic WISPs are Well Motivated BSM Particles!

Dark photons

« from a hidden sector U(1) gauge theory under which SM particles are uncharged, for example from
U(1)s occurring
« from the breaking of a grand unified gauge group [Holdom 86]

* in low energy effective field theories from string theory:

» hidden U(1)s of the heterotic string [Goodsell, Ramos-Sanchez, AR, 1110.6901]
« compactifications of type Il string theory (brane world scenarios) [Abel et al. 08;Goodsell et al. 09;Cicoli et al. 11]
« froma U(1)g or U(1)g.L gauge theory [Fayet 80]
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Bosonic WISPs are Well Motivated BSM Particles!

Dark photons

« from a hidden sector U(1) gauge theory under which SM particles are uncharged, for example from
U(1)s occurring
« from the breaking of a grand unified gauge group [Holdom 86]

* in low energy effective field theories from string theory:

» hidden U(1)s of the heterotic string [Goodsell, Ramos-Sanchez, AR, 1110.6901]
« compactifications of type Il string theory (brane world scenarios) [Abel et al. 08;Goodsell et al. 09;Cicoli et al. 11]
« froma U(1)g or U(1)g.L gauge theory [Fayet 80]

can be naturally slim:

Gauge symmetry forbids explicit mass terms; small mass generated via hidden Higgs or Stluckelberg
mechanism
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Bosonic WISPs are Well Motivated BSM Particles!

Spin-2 WISPs
“Hidden” or “dark” graviton — an extra massive spin-2 particle beyond the graviton -
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Bosonic WISPs are Well Motivated BSM Particles!

“Hidden” or “dark” graviton — an extra massive spin-2 particle beyond the graviton - occurs in Bigravity - the
unique ghost-free bimetric extension of General Relativity (GR) [Hassan,Rosen 1109.3515]

Modified gravity roadmap Constrained by

- GW speed

Massive g . .
Gravity S~ k- GW dispersion

mg > 0 f :
General g N J - GW damping
Relativity (i g - GW oscillations
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Bosonic WISPs are Well Motivated BSM Particles!

“Hidden” or “dark” graviton — an extra massive spin-2 particle beyond the graviton - occurs in Bigravity - the
unique ghost-free bimetric extension of General Relativity (GR) [Hassan,Rosen 1109.3515]

. Bygrgwty may emerge as a low-energy mani- Modified gravity roadmap Constrained by
festation of double copies in —
[ - GW speed

- field theoretic UV completions: massive spin-2 P
field from product of two massive spin-1 fields General my > 0
[A. Momeni, J. Rumbutis and A.J. Tolley 2004.07853; A
Johnson,Jones,Paranjape 2004.12948] Relatlwty Tensor

Unique theory f
Jpuv
of massless g,,,,

Additional
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Bosonic WISPs are Well Motivated BSM Particles!

“Hidden” or “dark” graviton — an extra massive spin-2 particle beyond the graviton - occurs in Bigravity - the
unique ghost-free bimetric extension of General Relativity (GR) [Hassan,Rosen 1109.3515]

. Bygrgwty may emerge as a low-energy mani- Modified gravity roadmap Constrained by
festation of double copies in —
[ - GW speed

- field theoretic UV completions: massive spin-2 P S/ A | 6w dispersion
field from product of two massive spin-1 fields General my > 0 \ ¥ | W damping
[A. Momeni, J. Rumbutis and A.J. Tolley 2004.07853; 2 E A3 I
Johnson,Jones,Paranjape 2004.12948] Relatlwty Tensor heree? ‘ - GW oscillations
) . Unique theory » 7
 stringy UV completions: of massless g, ‘

[Lust,Markou,Mazloumi,Stieberger 2106.04614]
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Bosonic WISPs are Well Motivated BSM Particles!

“Hidden” or “dark” graviton — an extra massive spin-2 particle beyond the graviton - occurs in Bigravity - the

uniqgue ghost-free bimetric extension of General Relativity (GR) [Hassan,Rosen 1109.3515]
. Bygrgwty may emerge as a low-energy mani- Modified gravity roadmap Constrained by
festation of double copies in >
. - GW speed
- field theoretic UV completions: massive spin-2 P ——~ A ] GW dispersion
field from product of two massive spin-1 fields General my > 0 \ ¥ | W damping
[A. Momeni, J. Rumbutis and A.J. Tolley 2004.07853; 2 E A3 I
Johnson,Jones,Paranjape 2004.12948] Relatlwty Tensor heree? ‘ - GW oscillations
. ) Unique theory fon
 stringy UV completions: of massless g, ‘

[Lust,Markou,Mazloumi,Stieberger 2106.04614]
Additional

Field

can be naturally slim: Break

Assumptions Extra::::

.dimensions

Arbitrarily small mass for massive spin-2 technically natural
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[Ezquiaga,Zumalacarregui 1807.09241]
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Bosonic WISPs are Well Motivated DM Candidates!

Generic properties of WISPy dark matter
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Bosonic WISPs are Well Motivated DM Candidates!

WISPs constituting the Galactic Dark Halo have a macroscopic de Broglie wavelength,

2 250k
)\dB: " =1.5mm< eV )(50—111/8>

mMwisp Ud MWISP Vd
and therefore a huge occupation number per de Broglie volume:

Vv * 250 km/s s PWISP
N _ AL =13x100 [ —2 i
WISP [dB= NwiIsP Adp x (mWISp ) ( Vg ) (0.4 GeV /cm3 )
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Bosonic WISPs are Well Motivated DM Candidates!

WISPs constituting the Galactic Dark Halo have a macroscopic de Broglie wavelength,

2 250k
g — T —1{5mm ( eV )( 50 m/s)

mMwisp Ud MWISP Vd
and therefore a huge occupation number per de Broglie volume:

Vv * 250 km/s s PWISP
N _ AL =13x100 [ —2
WISP |dB= nwisp A\ip X (mWISP ) ( v ) (0.4 GeV /cm? )

» WISPy Dark Matter is necessarily constituted by bosons (to avoid Pauli exclusion principle)
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Bosonic WISPs are Well Motivated DM Candidates!

WISPs constituting the Galactic Dark Halo have a macroscopic de Broglie wavelength,
27 ( eV ) (250km/s)
)\dB == = 1.5 mm

mMwisp Ud MWISP Vd
and therefore a huge occupation number per de Broglie volume:

Vv * 250 km/s K PWISP
N _ AL =13x100 [ —2
WISP [dB= NwiIsP Adp x (mWISp ) ( Vg ) (0.4 GeV /cm3 )

» WISPy Dark Matter is necessarily constituted by bosons (to avoid Pauli exclusion principle)

> WISPy Dark Matter mass should exceed 10-?? eV, such that de Broglie wavelength is smaller
than size of dwarf galaxies
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Bosonic WISPs are Well Motivated DM Candidates!

WISPs constituting the Galactic Dark Halo have a macroscopic de Broglie wavelength,

2 250k
g — T i Emm ( eV )( 50 m/s)

mMwisp Ud MWISP Vd
and therefore a huge occupation number per de Broglie volume:

Vv * 250 km/s s PWISP
N _ AL =13x100 [ —2
WISP [dB= NwiIsP Adp x (mWISp ) ( Vg ) (0.4 GeV /cm3

» WISPy Dark Matter is necessarily constituted by bosons (to avoid Pauli exclusion principle)

> WISPy Dark Matter mass should exceed 10-?? eV, such that de Broglie wavelength is smaller
than size of dwarf galaxies

» WISPy Dark Matter is most conveniently described by classical waves. Therefore also known as

Wave-Like Dark Matter
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Bosonic WISPs are Well Motivated DM Candidates!
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Bosonic WISPs are Well Motivated DM Candidates!

DM production mechanisms support entire possible mass range T >T T <T
. . . c hot c hot
« Axion, ALPs, Dilaton, DILPs:

Initial
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mechanism (conventional, kinetic, trapped, ...) e B e e o e 1
» Postinflationary symmetry breaking: decay of 5 )
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[Preskill, Wise,Wilczek "83; Abbott,Sikivie "83; Dine,Fischler "83; ... " .
Co,Hall,Harigaya "20; ... Di Luzio et al. *21; ... Davis '86; ...] g
\ é
o
1S
z
0
(-
g O
=G
C
ReRS
X
<]: (e
teold a; 0 Y é\
Axion Field, 6 | S
The v
CMB

[Chadha-Day,Ellis,Marsh, Science Advances "22]
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Bosonic WISPs are Well Motivated DM Candidates!

DM production mechanisms support entire possible mass range T>T T <T
« Axion, ALPs, Dilaton, DILPs: hot hot

A Initial
» Preinflationary symmetry breaking: misalignment / C°”d'“°”5\ ~~~~~~~~~~~~~

mechanism (conventional, kinetic, trapped, ...)

3
o]
g

« Postinflationary symmetry breaking: decay of
topological defects

[Preskill, Wise,Wilczek "83; Abbott,Sikivie "83; Dine,Fischler "83; ...
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[adapted from https://raw.githubusercontent.com/cajohare/AxionLimits/master/plots/plots_png/AxionMass.png . _ )
[Chadha-Day,Ellis,Marsh, Science Advances "22]

At most one year

300000 years
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Bosonic WISPs are Well Motivated DM Candidates!
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Bosonic WISPs are Well Motivated DM Candidates!

« Axion, ALPs, Dilaton, DILPs:

» Preinflationary symmetry breaking: misalignment
mechanism (conventional, kinetic, trapped, ...)

« Postinflationary symmetry breaking: decay of
topological defects

 Dark photons:

» Vector misalignment (requires finetuning of initial
value or non-minimal coupling to gravity)

[Nelson,Scholtz, 1105.2812;
Arias,Cadamuro,Goodsell,Jaeckel,Redondo,AR, 1201.5902]

 Inflationary production
[Graham,Mardon,Rajendran, 1504.02102]

* Production via an oscillating ALP
[Agrawal,Kitajima,Reece,Sekiguchi, Takahashi, 1810.07188]

« Dark gravitons:

« Tensor misalignment
[Marzola,Raidal,Urban, 1708.04253]
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Bosonic WISPs Can Be Hunted in Astro and Exp!

Bosonic WISPs have tiny but non-zero interactions with SM
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Bosonic WISPs Can Be Hunted in Astro and Exp!

Bosonic WISPs have tiny but non-zero interactions with SM
Spin-0 WISP:
« Parity odd (Axion, ALP):

1 ~ ., 1 Z Ja —
£ D) —gafya F’L“/FM + — —f a,ua/ ¢f7M75¢f
4 2 7 mf
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Bosonic WISPs Can Be Hunted in Astro and Exp!

Bosonic WISPs have tiny but non-zero interactions with SM
Spin-0 WISP:
« Parity odd (Axion, ALP):
LD 1gma F, Fr 4 % Z Jof Ouath sy
f

4 mf

» Parity even (Dilaton, DILP):
1

LD ngquWF“” - qubfoW
f
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Bosonic WISPs Can Be Hunted in Astro and Exp!

Spin-0 WISP:

« Parity odd (Axion, ALP):

1

LD 4ga7aFuy Z a a¢f7 75¢f
f
- Parity even (Dilaton, DILP):
1 y T
LD ngqﬁFWF“ - Z%WWW
f

Spin-1 WISP (Dark Photon):

« Kinetic mixing, £ D —§F/1VFW for hidden U(1), or gauge coupling, for U(1)g or U(1)s.L
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Bosonic WISPs Can Be Hunted in Astro and Exp!

Spin-0 WISP:

« Parity odd (Axion, ALP):

1

LD 4ga7aFuu Z a C“PfV 75¢f
f
- Parity even (Dilaton, DILP):
1 y T
LD ngqﬁFWF” - Z%MWW
f

Spin-1 WISP (Dark Photon):
« Kinetic mixing, £ D —iF/iVFW for hidden U(1), or gauge coupling, for U(1)g or U(1)s.L
Spin-2 WISP (Dark Graviton)

 Interacts at the linearized level with SM like the graviton with a Fierz-Pauli mass term and an effective
gravitational constant G’
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Bosonic WISPs Can Be Hunted in Astro and Exp!

Experimental techniques to search for lab-produced or solar WISPs

« Light-Shining-Through-Walls:

— 107!
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* Photon <-> ALP/dark graviton conversion in |> 103
magnetic field 8 10~
= 1073
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Bosonic WISPs Can Be Hunted in Astro and Exp!

Experimental techniques to search for lab-produced or solar WISPs

* Light-Shining-Through-Walls: 10°
W -1

* Photon <-> ALP/dark graviton conversion in ig_z :
magnetic field 1073 §

1074 E
1073
107°
¥ i o~

* Photon <-> dark photon conversion in vacuum

10—18 ]
1g1% 10°15 1p14 107° 10 g 10° 103

[https://raw.githubusercontent.com/cajohare/AxionLimits/master/plots/plots_png/DarkPhoton_FIPS.png]
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Bosonic WISPs Can Be Hunted in Astro and Exp!

Experimental techniques to search for lab-produced or solar WISPs

* Light-Shining-Through-Walls: — 107!
71072
* Photon <-> ALP/dark graviton conversion in |> 10-3
magnetic field 8 10+
. . [l 10_5
« Photon <-> dark photon conversion in vacuum  ~_ ;-6
S
S0 1074

a3 oo gl

10—12
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1015 E

A |
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Bosonic WISPs Can Be Hunted in Astro and Exp!

Experimental techniques to search for lab-produced or solar WISPs

« Light-Shining-Through-Walls:

 Helioscopes:

DESY. | Axions and Other Wave-Like Dark Matter Candidates | Andreas Ringwald, Astroparticle Symposium 2025, Orsay, France, 3-21 November 2025

Photon <-> ALP/dark graviton conversion in
magnetic field

Photon <-> dark photon conversion in vacuum 10%°

10'8

,7*

Solar ALP/dark graviton -> photon conversion
in magnetic field
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Bosonic WISPs Can Be Hunted in Astro and Exp!

Experimental techniques to search for lab-produced or solar WISPs

* Light-Shining-Through-Walls: 10°
W -1
10
* Photon <-> ALP/dark graviton conversion in 10-2 F
magnetic field 1073 §
—4
« Photon <-> dark photon conversion in vacuum 18—5 -
10-6
v 1077
103
1077
10—10
10—11
10712 Cosmology
10—13 d -
« Helioscopes: 10~ . T e o /N }
10~15 ‘ \\ = s o /\?“PC'C‘?%
« Solar ALP/dark graviton -> photon conversion 10-16
in magnetic field 10_12
1g-18 L L - - =
« Solar dark photon -> photon conversion in U (U (U 1077 107° U 10° 10°
vacuum my [eV]

[https://raw.githubusercontent.com/cajohare/AxionLimits/master/plots/plots_png/DarkPhoton_FIPS.png]
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Bosonic WISPs Can Be Hunted in Astro and Exp!

Experimental techniques to search for lab-produced or solar WISPs

Inverse Square Law (ISL) and Equivalence Principle (EP) tests for P even scalars:
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Bosonic WISPs Can Be Hunted in Astro and Exp!

Experimental techniques to search for lab-produced or solar WISPs

Inverse Square Law (ISL) and Equivalence Principle (EP) tests for dark photons and dark gravitons:
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Bosonic WISPs Can Be Hunted in Astro and Exp!

Various experimental techniques to search for WISPy dark matter

Dark matter mass
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Bosonic WISPs Can Be Hunted in Astro and Exp!

Dark matter mass
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Bosonic WISPs Can Be Hunted in Astro and Exp!

Dark matter mass
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Dark matter mass
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Dark photon DM searches
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Scalar (dilaton, ...) DM searches
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Scalar (dilaton, ...) DM searches
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Dark graviton DM searches
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Enormous number of WISP experiments worldwide
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Conclusions

« The dark sector may be richer — and more structured — than we ever imagined.
« Bosonic WISPs offer a unifying framework linking astrophysics, cosmology and particle physics.

« Rapid experimental progress is transforming WISP dark matter searches from speculation to
precision science.

« Whether axions, dilatons, dark photons, or even dark gravitons — the hunt for wave-like dark
matter is entering its decisive phase.
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