
G. Cantatore - OATS - March 20th, 2019

Searching for Dark Matter 
and Dark Energy at CERN 

with CAST

G. Cantatore
Università and INFN Trieste

 1



G. Cantatore - OATS - March 20th, 2019

Summary
I. Open questions and the Dark Side

• Dark Matter: Axions and WISP’s

• Dark Energy: Chameleons

II. CAST at CERN

• Solar Axions

• The CAST physics program: deeper in the Dark Side

III. Dark Energy and KWISP

• The KWISP force sensor

• Searching for DE with KWISP at CAST

IV. Beyond: the advanced-KWISP project
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Hints and puzzles from cosmology
• Matter-antimatter asymmetry

• Composition of the Universe

• (see your favourite cosmologist for more…)
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http://imgsrc.hubblesite.org/hu/db/images/hs-2001-09-h-pdf.pdf

STScI-PRC-01-09

This diagram shows how the universe slowed 
down and then revved up since the Big Bang. 
The concentric red circles denote that galaxies 
are migrating apart at a slower rate during the 
first half of the cosmos. Then a mysterious, 
dark force overcame gravity and began 
pushing galaxies apart at an ever-faster rate, 
signified by the green circles. Astronomers 
found evidence of the universe's deceleration 
when they observed the farthest supernova 
ever seen, which detonated so long ago
that the universe was still slowing down.
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Main puzzles in the Standard Model

• Large number of free parameters

• Does not include gravity

• (g-2)μ deviates from SM prediction

• “Fine-tuning”

• θ  parameter (CP conserved in strong interactions ⇒ 

Axions!)

• …

• (see your favourite theorist for more…)
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Light from the Dark Side!

Current view: the answers lie hidden in the 
Dark Side and its interactions with known 
physics (a.k.a. the SM) 
The (astro-)particle physicist Holy Grail: identify 
candidate particle components of the Dark Side 
and find them!

• Dark Matter ⇒ WIMPs and Axions (maybe ν’s and 

other WISP’s)

• Dark Energy ⇒ Chameleons
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Main DM & DE candidate constituents

• WIMPs - Weakly Interactive Massive Particles (mass > 50 GeV)

• pros:

• SUSY neutralinos fit the bill

• cons:

• experimental evidence against (no SUSY seen at LHC, WIMP searches have reached the “neutrino limit”)

• feeble hints in astrophysical observations

• Sterile neutrino (mass ~ 10
3
 eV)

• pros

• could explain the small values of the neutrino masses and matter-antimatter asymmetry

• cons 

• experimental evidence against (MINOS+ at Fermilab)

• feeble hints in astrophysical observations

• Assioni e altre WISPs - Weakly Interacting Slim Particles (massa < 1 eV)

• pros 

•  explain CP conservation in strong interactions (Axions)

• relic Axions are non-relativistic

• hints in astrophysical observations

• contro

• no experimental evidence

• Chameleons as DE constituents

• pros: have the necessary properties, unique candidate for the moment

• cons: phenomenological mostly “ad hoc: theory, no experimental evidence
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WISPs - Weakly Interacting Slim Particles
• Hypothetical particles with low mass (< eV), coupling weakly to baryons

- WIMPs also couple weakly to ordinary matter, but masses > GeV

• WISPs 
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Enter WISPs…
• Could solve a few of the SM model puzzles

• CP conservation in strong interactions ⇒ Axions

• (g-2)µ deviations from SM ⇒ Hidden Photons

•  DM or DE candidate constituents

• Axions and Axion Like Particles (ALPs) ⇒ Dark Matter

• Chameleons ⇒ Dark Energy 

• WISP search experiments probe extremely weak interactions (usually couplings < 10
-10

 GeV
-1
), 

reaching energy scales not accessible at accelerators ⇒ complementarity

• Possible mediators with “hidden sectors” predicted in string theory

• Hidden Photons

• Mini-Charged particles

• …
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WISP zoo…
• “standard” or QCD Axion

• Axion Like Particles (ALPs)

• Hidden Photons (HP)

• Mini-Charged Particles (MCPs)

• Chameleons

• …
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Axion Primer
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Axion Primer

• CP symmetry is found to be conserved in strong interactions
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Axion Primer

• CP symmetry is found to be conserved in strong interactions

• However, the QCD Lagrangian has a CP violating term characterized by a θ parameter
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Alternatives
New and unconventional physics

CP-symmetry is spontaneously broken by nature
(con: data in excellent agreement with actual models)
Additional chiral symmetry (e.g. ma=0)
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This was so far never observed in experiments! Difference of a factor of  θ=10-10 between theory and experiment!
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Particle interpretation by
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The Axion Emission Processes in Stars
Nuclear Interaction

Nucleon Bremsstrahlung
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Primakoff Effect

CAST is sensitive in a more generic framework: 
axion-like particles

[Any (pseudo)scalar coupled with the photon]

Axion-photon coupling gives rise to the Primakoff
effect: axion-photon conversion
(and vice versa) in the presence 
of electromagnetic fields.

That is the only axion 
phenomenology on which 
CAST relies…

Primakoff Effect

Axions are searched in three different contexts:
Axion Searches

Axion: a neutral Very light 
(pseudo)scalar

Ílet be light

The history of the Universe

Í let be axions

One candidate to Dark Matter: Axion

–Axions appear as Nambu-
Goldstone bosons in the  PQ 
spontaneous symmetry 
breaking.

–More generically, we speak 
about axion-like particles, to 
refer to fundamental 
(pseudo)scalars of similar 
properties without referring to a 
specific theory mode

The Strong CP Problem

“I named them after a 
laundry detergent, since 

they clean up a long 
standing problem in 
theoretical physics.”
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1.Axions produced in the Sun:
– Axion Helioscopes
CAST@CERN; Tokyo@Tokyo

– Crystal detectors 
SOLAX; COSME@Canfranc; 
DAMA@GranSasso

2.Dark matter axions (as relics 
of Big Bang):
– Axion Haloscopes
ADMX@LLNlab,
CARRACK@Kyoto

3.Axions produced in the 
laboratory
– “Light shinning through wall”

experiments
– Vacuum birrefringence

experiments 
PVLAS@Legnaro; IPSS@Jlab
OSQAR@CERN,   
ALPS@DESY; BMV@LULI; 
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Axion Primer

• CP symmetry is found to be conserved in strong interactions

• However, the QCD Lagrangian has a CP violating term characterized by a θ parameter

• In QCD the (nEDM) is proportional to θ, therefore CP conservation ⇒θ = 0 ⇒ nEDM = 0
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1.Axions produced in the Sun:
– Axion Helioscopes
CAST@CERN; Tokyo@Tokyo

– Crystal detectors 
SOLAX; COSME@Canfranc; 
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of Big Bang):
– Axion Haloscopes
ADMX@LLNlab,
CARRACK@Kyoto

3.Axions produced in the 
laboratory
– “Light shinning through wall”

experiments
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experiments 
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OSQAR@CERN,   
ALPS@DESY; BMV@LULI; 
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1.Axions produced in the Sun:
– Axion Helioscopes
CAST@CERN; Tokyo@Tokyo

– Crystal detectors 
SOLAX; COSME@Canfranc; 
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2.Dark matter axions (as relics 
of Big Bang):
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3.Axions produced in the 
laboratory
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experiments
– Vacuum birrefringence
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ALPS@DESY; BMV@LULI; 
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Axion Primer

• CP symmetry is found to be conserved in strong interactions

• However, the QCD Lagrangian has a CP violating term characterized by a θ parameter

• In QCD the (nEDM) is proportional to θ, therefore CP conservation ⇒θ = 0 ⇒ nEDM = 0

• nEDM measurements give θ≤ 10-9
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Primakoff Effect

CAST is sensitive in a more generic framework: 
axion-like particles

[Any (pseudo)scalar coupled with the photon]

Axion-photon coupling gives rise to the Primakoff
effect: axion-photon conversion
(and vice versa) in the presence 
of electromagnetic fields.

That is the only axion 
phenomenology on which 
CAST relies…

Primakoff Effect

Axions are searched in three different contexts:
Axion Searches

Axion: a neutral Very light 
(pseudo)scalar

Ílet be light

The history of the Universe

Í let be axions

One candidate to Dark Matter: Axion

–Axions appear as Nambu-
Goldstone bosons in the  PQ 
spontaneous symmetry 
breaking.

–More generically, we speak 
about axion-like particles, to 
refer to fundamental 
(pseudo)scalars of similar 
properties without referring to a 
specific theory mode

The Strong CP Problem

“I named them after a 
laundry detergent, since 

they clean up a long 
standing problem in 
theoretical physics.”
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1.Axions produced in the Sun:
– Axion Helioscopes
CAST@CERN; Tokyo@Tokyo

– Crystal detectors 
SOLAX; COSME@Canfranc; 
DAMA@GranSasso

2.Dark matter axions (as relics 
of Big Bang):
– Axion Haloscopes
ADMX@LLNlab,
CARRACK@Kyoto

3.Axions produced in the 
laboratory
– “Light shinning through wall”

experiments
– Vacuum birrefringence

experiments 
PVLAS@Legnaro; IPSS@Jlab
OSQAR@CERN,   
ALPS@DESY; BMV@LULI; 
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1.Axions produced in the Sun:
– Axion Helioscopes
CAST@CERN; Tokyo@Tokyo

– Crystal detectors 
SOLAX; COSME@Canfranc; 
DAMA@GranSasso

2.Dark matter axions (as relics 
of Big Bang):
– Axion Haloscopes
ADMX@LLNlab,
CARRACK@Kyoto

3.Axions produced in the 
laboratory
– “Light shinning through wall”

experiments
– Vacuum birrefringence

experiments 
PVLAS@Legnaro; IPSS@Jlab
OSQAR@CERN,   
ALPS@DESY; BMV@LULI; 
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Axion Primer

• CP symmetry is found to be conserved in strong interactions

• However, the QCD Lagrangian has a CP violating term characterized by a θ parameter

• In QCD the (nEDM) is proportional to θ, therefore CP conservation ⇒θ = 0 ⇒ nEDM = 0

• nEDM measurements give θ≤ 10-9

•STRONG CP PROBLEM: QCD does not predict θ, therefore a “fine-
tuning” is necessary
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1.Axions produced in the Sun:
– Axion Helioscopes
CAST@CERN; Tokyo@Tokyo

– Crystal detectors 
SOLAX; COSME@Canfranc; 
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2.Dark matter axions (as relics 
of Big Bang):
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3.Axions produced in the 
laboratory
– “Light shinning through wall”
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1.Axions produced in the Sun:
– Axion Helioscopes
CAST@CERN; Tokyo@Tokyo

– Crystal detectors 
SOLAX; COSME@Canfranc; 
DAMA@GranSasso

2.Dark matter axions (as relics 
of Big Bang):
– Axion Haloscopes
ADMX@LLNlab,
CARRACK@Kyoto

3.Axions produced in the 
laboratory
– “Light shinning through wall”

experiments
– Vacuum birrefringence

experiments 
PVLAS@Legnaro; IPSS@Jlab
OSQAR@CERN,   
ALPS@DESY; BMV@LULI; 
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Axion Primer

• CP symmetry is found to be conserved in strong interactions

• However, the QCD Lagrangian has a CP violating term characterized by a θ parameter

• In QCD the (nEDM) is proportional to θ, therefore CP conservation ⇒θ = 0 ⇒ nEDM = 0

• nEDM measurements give θ≤ 10-9

•STRONG CP PROBLEM: QCD does not predict θ, therefore a “fine-
tuning” is necessary

• Peccei and Quinn give a solution in 1977: θ is a dynamical field with a <θ> = 0.
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CAST is sensitive in a more generic framework: 
axion-like particles

[Any (pseudo)scalar coupled with the photon]

Axion-photon coupling gives rise to the Primakoff
effect: axion-photon conversion
(and vice versa) in the presence 
of electromagnetic fields.

That is the only axion 
phenomenology on which 
CAST relies…

Primakoff Effect

Axions are searched in three different contexts:
Axion Searches

Axion: a neutral Very light 
(pseudo)scalar

Ílet be light

The history of the Universe

Í let be axions

One candidate to Dark Matter: Axion

–Axions appear as Nambu-
Goldstone bosons in the  PQ 
spontaneous symmetry 
breaking.

–More generically, we speak 
about axion-like particles, to 
refer to fundamental 
(pseudo)scalars of similar 
properties without referring to a 
specific theory mode

The Strong CP Problem

“I named them after a 
laundry detergent, since 

they clean up a long 
standing problem in 
theoretical physics.”
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1.Axions produced in the Sun:
– Axion Helioscopes
CAST@CERN; Tokyo@Tokyo

– Crystal detectors 
SOLAX; COSME@Canfranc; 
DAMA@GranSasso

2.Dark matter axions (as relics 
of Big Bang):
– Axion Haloscopes
ADMX@LLNlab,
CARRACK@Kyoto

3.Axions produced in the 
laboratory
– “Light shinning through wall”

experiments
– Vacuum birrefringence

experiments 
PVLAS@Legnaro; IPSS@Jlab
OSQAR@CERN,   
ALPS@DESY; BMV@LULI; 
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1.Axions produced in the Sun:
– Axion Helioscopes
CAST@CERN; Tokyo@Tokyo

– Crystal detectors 
SOLAX; COSME@Canfranc; 
DAMA@GranSasso

2.Dark matter axions (as relics 
of Big Bang):
– Axion Haloscopes
ADMX@LLNlab,
CARRACK@Kyoto

3.Axions produced in the 
laboratory
– “Light shinning through wall”

experiments
– Vacuum birrefringence

experiments 
PVLAS@Legnaro; IPSS@Jlab
OSQAR@CERN,   
ALPS@DESY; BMV@LULI; 
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Axion Primer

• CP symmetry is found to be conserved in strong interactions

• However, the QCD Lagrangian has a CP violating term characterized by a θ parameter

• In QCD the (nEDM) is proportional to θ, therefore CP conservation ⇒θ = 0 ⇒ nEDM = 0

• nEDM measurements give θ≤ 10-9

•STRONG CP PROBLEM: QCD does not predict θ, therefore a “fine-
tuning” is necessary

• Peccei and Quinn give a solution in 1977: θ is a dynamical field with a <θ> = 0.

• Wilczeck and Weinberg (1978) immediately realize that this scheme generates a new particle 
that they call “Axion”, after a detergent, since the Axion “washes away” the Strong CP 
Problem. 
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Axion Primer
• Axions in pills

• CP symmetry is conserved in strong interactions and therefore the electric dipole moment of the neutron must be 
vanishing (experimentally dn < 2.9·10

-26
 e·cm)

• However the QCD Lagrangian contains a CP-violating “theta” term which must then be “fine-tuned” to zero 
(within 10

-9
) ⇒ “strong CP problem”

• Enter Peccei&Quinn (1977): the “theta” is a dynamical variable with vac. exp. value = 0

• Enter Wilczek&Weinberg (1978): a new particle is associated with the PQ mechanism, they call it  Axion, following 
a detergent brand, since it “cleans-up” the strong CP problem

• Axions and Axion Like Particles (ALPs)

• Axion properties are predicted by the theory (see following slide) ⇒ “QCD” axion

• Axions are Dark Matter candidate constituents (Sikivie, 1983) and couple to two-photons (Primakoff effect)

• ALPs also could exist as DM particles, for them, however, the precise relation between mass and coupling to 
photons dictated by QCD does not hold

9
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Introducing the axion 

> CP-conservation in QCD:  
 
A dynamic explanation for 4 < 10-9 predicts the axion, 
which couples very weakly to two photons. 
 
The axion “wipes  out”  the  CP-conservation problem in QCD. 
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This was so far never observed in experiments! Difference of a factor of  θ=10-10 between theory and experiment!
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CAST is sensitive in a more generic framework: 
axion-like particles

[Any (pseudo)scalar coupled with the photon]

Axion-photon coupling gives rise to the Primakoff
effect: axion-photon conversion
(and vice versa) in the presence 
of electromagnetic fields.

That is the only axion 
phenomenology on which 
CAST relies…

Primakoff Effect

Axions are searched in three different contexts:
Axion Searches

Axion: a neutral Very light 
(pseudo)scalar

Ílet be light

The history of the Universe

Í let be axions

One candidate to Dark Matter: Axion

–Axions appear as Nambu-
Goldstone bosons in the  PQ 
spontaneous symmetry 
breaking.

–More generically, we speak 
about axion-like particles, to 
refer to fundamental 
(pseudo)scalars of similar 
properties without referring to a 
specific theory mode

The Strong CP Problem

“I named them after a 
laundry detergent, since 

they clean up a long 
standing problem in 
theoretical physics.”
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1.Axions produced in the Sun:
– Axion Helioscopes
CAST@CERN; Tokyo@Tokyo

– Crystal detectors 
SOLAX; COSME@Canfranc; 
DAMA@GranSasso

2.Dark matter axions (as relics 
of Big Bang):
– Axion Haloscopes
ADMX@LLNlab,
CARRACK@Kyoto

3.Axions produced in the 
laboratory
– “Light shinning through wall”

experiments
– Vacuum birrefringence

experiments 
PVLAS@Legnaro; IPSS@Jlab
OSQAR@CERN,   
ALPS@DESY; BMV@LULI; 
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1.Axions produced in the Sun:
– Axion Helioscopes
CAST@CERN; Tokyo@Tokyo

– Crystal detectors 
SOLAX; COSME@Canfranc; 
DAMA@GranSasso

2.Dark matter axions (as relics 
of Big Bang):
– Axion Haloscopes
ADMX@LLNlab,
CARRACK@Kyoto

3.Axions produced in the 
laboratory
– “Light shinning through wall”

experiments
– Vacuum birrefringence

experiments 
PVLAS@Legnaro; IPSS@Jlab
OSQAR@CERN,   
ALPS@DESY; BMV@LULI; 
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Axion Primer

• CP symmetry is found to be conserved in strong interactions

• However, the QCD Lagrangian has a CP violating term characterized by a θ parameter

• In QCD the (nEDM) is proportional to θ, therefore CP conservation ⇒θ = 0 ⇒ nEDM = 0

• nEDM measurements give θ≤ 10-9

•STRONG CP PROBLEM: QCD does not predict θ, therefore a “fine-
tuning” is necessary

• Peccei and Quinn give a solution in 1977: θ is a dynamical field with a <θ> = 0.

• Wilczeck and Weinberg (1978) immediately realize that this scheme generates a new particle 
that they call “Axion”, after a detergent, since the Axion “washes away” the Strong CP 
Problem. 

• Sikivie (1983) then describes the properties of the “invisible axion” (low mass and weak 
interactions) ⇒ a good DM candidate which can be seen exploiting it effective coupling to 

two photons (“Sikivie effect”)
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Axion Primer
• Axions in pills

• CP symmetry is conserved in strong interactions and therefore the electric dipole moment of the neutron must be 
vanishing (experimentally dn < 2.9·10

-26
 e·cm)

• However the QCD Lagrangian contains a CP-violating “theta” term which must then be “fine-tuned” to zero 
(within 10

-9
) ⇒ “strong CP problem”

• Enter Peccei&Quinn (1977): the “theta” is a dynamical variable with vac. exp. value = 0

• Enter Wilczek&Weinberg (1978): a new particle is associated with the PQ mechanism, they call it  Axion, following 
a detergent brand, since it “cleans-up” the strong CP problem

• Axions and Axion Like Particles (ALPs)

• Axion properties are predicted by the theory (see following slide) ⇒ “QCD” axion

• Axions are Dark Matter candidate constituents (Sikivie, 1983) and couple to two-photons (Primakoff effect)

• ALPs also could exist as DM particles, for them, however, the precise relation between mass and coupling to 
photons dictated by QCD does not hold

9
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Introducing the axion 

> CP-conservation in QCD:  
 
A dynamic explanation for 4 < 10-9 predicts the axion, 
which couples very weakly to two photons. 
 
The axion “wipes  out”  the  CP-conservation problem in QCD. 
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This was so far never observed in experiments! Difference of a factor of  θ=10-10 between theory and experiment!
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Particle interpretation by
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Primakoff Effect

CAST is sensitive in a more generic framework: 
axion-like particles

[Any (pseudo)scalar coupled with the photon]

Axion-photon coupling gives rise to the Primakoff
effect: axion-photon conversion
(and vice versa) in the presence 
of electromagnetic fields.

That is the only axion 
phenomenology on which 
CAST relies…

Primakoff Effect

Axions are searched in three different contexts:
Axion Searches

Axion: a neutral Very light 
(pseudo)scalar

Ílet be light

The history of the Universe

Í let be axions

One candidate to Dark Matter: Axion

–Axions appear as Nambu-
Goldstone bosons in the  PQ 
spontaneous symmetry 
breaking.

–More generically, we speak 
about axion-like particles, to 
refer to fundamental 
(pseudo)scalars of similar 
properties without referring to a 
specific theory mode

The Strong CP Problem

“I named them after a 
laundry detergent, since 

they clean up a long 
standing problem in 
theoretical physics.”
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1.Axions produced in the Sun:
– Axion Helioscopes
CAST@CERN; Tokyo@Tokyo

– Crystal detectors 
SOLAX; COSME@Canfranc; 
DAMA@GranSasso

2.Dark matter axions (as relics 
of Big Bang):
– Axion Haloscopes
ADMX@LLNlab,
CARRACK@Kyoto

3.Axions produced in the 
laboratory
– “Light shinning through wall”

experiments
– Vacuum birrefringence

experiments 
PVLAS@Legnaro; IPSS@Jlab
OSQAR@CERN,   
ALPS@DESY; BMV@LULI; 
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CAST is sensitive in a more generic framework: 
axion-like particles

[Any (pseudo)scalar coupled with the photon]

Axion-photon coupling gives rise to the Primakoff
effect: axion-photon conversion
(and vice versa) in the presence 
of electromagnetic fields.
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1.Axions produced in the Sun:
– Axion Helioscopes
CAST@CERN; Tokyo@Tokyo

– Crystal detectors 
SOLAX; COSME@Canfranc; 
DAMA@GranSasso

2.Dark matter axions (as relics 
of Big Bang):
– Axion Haloscopes
ADMX@LLNlab,
CARRACK@Kyoto

3.Axions produced in the 
laboratory
– “Light shinning through wall”

experiments
– Vacuum birrefringence
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PVLAS@Legnaro; IPSS@Jlab
OSQAR@CERN,   
ALPS@DESY; BMV@LULI; 
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CAST is sensitive in a more generic framework: 
axion-like particles

[Any (pseudo)scalar coupled with the photon]

Axion-photon coupling gives rise to the Primakoff
effect: axion-photon conversion
(and vice versa) in the presence 
of electromagnetic fields.

That is the only axion 
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Axions are searched in three different contexts:
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Axion: a neutral Very light 
(pseudo)scalar

Ílet be light

The history of the Universe

Í let be axions

One candidate to Dark Matter: Axion

–Axions appear as Nambu-
Goldstone bosons in the  PQ 
spontaneous symmetry 
breaking.

–More generically, we speak 
about axion-like particles, to 
refer to fundamental 
(pseudo)scalars of similar 
properties without referring to a 
specific theory mode

The Strong CP Problem

“I named them after a 
laundry detergent, since 

they clean up a long 
standing problem in 
theoretical physics.”

   ;    10 60
7

 

aa
a f

GeVeV
f

fmm .≈≈ ππ

Photon CouplingPhoton Coupling

aBEga   

rr
⋅= γL

Pion CouplingPion Coupling
( ) add

ff
C

a

a
a

μ
μ

π

π
π πππ ...L += −+0

Nucleon CouplingNucleon Coupling

ad
f

C
NN

a

N
aN μ

μγγ ΨΨ= 52
L

Electron CouplingElectron Coupling

ad
f

C
ee

a

e
e μ

μγγ ΨΨ= 52
L

Axion coupling

Dama
Crystals: SOLAX, COSME

Tokyo helioscope

C
M

B
 L

im
it

HB starsSolar (CAST)

Te
le

sc
op

e

Dama
Crystals: SOLAX, COSME

Tokyo helioscope

C
M

B
 L

im
it

HB starsSolar (CAST)

Te
le

sc
op

e

1.Axions produced in the Sun:
– Axion Helioscopes
CAST@CERN; Tokyo@Tokyo

– Crystal detectors 
SOLAX; COSME@Canfranc; 
DAMA@GranSasso

2.Dark matter axions (as relics 
of Big Bang):
– Axion Haloscopes
ADMX@LLNlab,
CARRACK@Kyoto

3.Axions produced in the 
laboratory
– “Light shinning through wall”

experiments
– Vacuum birrefringence

experiments 
PVLAS@Legnaro; IPSS@Jlab
OSQAR@CERN,   
ALPS@DESY; BMV@LULI; 
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The “invisible” Axion

• Axion haloscope

• Axion helioscope
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Chameleon primer

• Chameleons are a type of scalar WISPs 
having an effective mass depending on 
the local matter density

 11
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Chameleons would be produced in regions of high photon density and strong magnetic
field, e.g. inside the sun. One can search for solar chameleons on Earth by detecting their
radiation pressure [4]. In the following, we calculate the sensitivity of such an experiment
in three parts:

• chameleon production in the sun

• the chameleons’ journey to the detector

• detecting chameleons on Earth.

Chameleon production in the sun Armed with our chameleon model, we can
study chameleon production in the sun. We build our calculations on the previous works
of Brax et al. [4–6]. Photons mix with chameleons in regions of strong magnetic field, cf.
the case for Axions. The conversion probability for photons of energy ! in a magnetic
field B traveling by a length L is given by [7]:
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Once produced in the tachocline, the chameleons leave the sun unscathed: the interaction
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Chameleon primer

• Chameleons are a type of scalar WISPs 
having an effective mass depending on 
the local matter density

• This makes them candidate constituents 
for the Dark Energy and allows evading 
constraints on short range interactions 
fixed by “fifth-force” measurements.
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Chameleons would be produced in regions of high photon density and strong magnetic
field, e.g. inside the sun. One can search for solar chameleons on Earth by detecting their
radiation pressure [4]. In the following, we calculate the sensitivity of such an experiment
in three parts:

• chameleon production in the sun

• the chameleons’ journey to the detector

• detecting chameleons on Earth.

Chameleon production in the sun Armed with our chameleon model, we can
study chameleon production in the sun. We build our calculations on the previous works
of Brax et al. [4–6]. Photons mix with chameleons in regions of strong magnetic field, cf.
the case for Axions. The conversion probability for photons of energy ! in a magnetic
field B traveling by a length L is given by [7]:
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Once produced in the tachocline, the chameleons leave the sun unscathed: the interaction
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Chameleon primer

• Chameleons are a type of scalar WISPs 
having an effective mass depending on 
the local matter density

• This makes them candidate constituents 
for the Dark Energy and allows evading 
constraints on short range interactions 
fixed by “fifth-force” measurements.

• Chameleons couple

• to two photons (Sikivie effect inside a 
magnetic field)

• directly to matter (no magnetic field 
needed)
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which itself is explicitly dependent on the local mass density ⇢.
It has been shown that chameleons cannot explain the observed accelerated expansion

of the universe as as true MOG e↵ect [3], however, they can act as dark energy. In the
following, we work with an inverse power law potential
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Chameleons would be produced in regions of high photon density and strong magnetic
field, e.g. inside the sun. One can search for solar chameleons on Earth by detecting their
radiation pressure [4]. In the following, we calculate the sensitivity of such an experiment
in three parts:

• chameleon production in the sun

• the chameleons’ journey to the detector

• detecting chameleons on Earth.

Chameleon production in the sun Armed with our chameleon model, we can
study chameleon production in the sun. We build our calculations on the previous works
of Brax et al. [4–6]. Photons mix with chameleons in regions of strong magnetic field, cf.
the case for Axions. The conversion probability for photons of energy ! in a magnetic
field B traveling by a length L is given by [7]:
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Once produced in the tachocline, the chameleons leave the sun unscathed: the interaction
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Where to find them…
• Look for photons interacting with a magnetic field

• in the heavens 

• stars (sun) as sources

• astrophysical processes producing or interacting with 
WISPs

• in the lab

• send a photon beam through a magnetic field

• Look for cosmological signatures

• relic WISPs (mainly axions) interacting in a magnetic field

• Look for other interactions with dedicated sensors

• Chameleons coupling to matter - force sensor

11
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CAST: axions and more
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The Sun is our primary source

• Axions are produced by the Sikivie process in the 
magnetic fields of the hot solar core (coupling gaγγ) 
and stream out freely reaching the Earth

• Chameleons are produced in the thin solar tachocline 
region, with a 30 T magnetic field, from the Sikivie 
conversion of photons (coupling βγ), then propagate 
unhindered to Earth
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� Neutral Pseudoscalar

� Pratically stable

� Very low mass

� Very low cross3section

� Coupling to8photons8
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The Helioscope principle
• Axions and Chameleons produced in the Sun stream to Earth

• Axions convert back into photons inside a magnet: detect the regenerated photons 

• Chameleons have two possibilities

• converting into photons inside a magnet: detect the regerated photons

• interacting directly with matter: detect the equivalent pressure with a force sensor
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FIG. 9: On the left, the solar chameleon flux in keV−1
· s−1

· cm−2 at 1 AU as a function of the chameleon energy in keV . Here
we have chosen the matter coupling to be β = 106, the photon coupling βγ = 1010.59 and a shell magnetic field in the sun of 30T
over a width of 0.01 solar radius above the tachocline. On the right, the chameleon brightness in erg · keV−1

· s−1
· cm−2 at the

surface of the sun as a function of the energy in keV . The estimated total energy loss in chameleons is 6 · 109 erg · s−1
· cm−2,

i.e. around 10 % of the photon solar luminosity.

interesting result is obtained for the quiet sun since the back-converted photon spectrum peaks at ∼ 1 keV which
could explain why the solar corona is even hotter above active regions.

B. Chameleons through a wall

The spectrum intensity of regenerated photons depends crucially on the source flux in the X-ray band. We have
chosen as a template the DESY spectrum[34] with a total number of 1018 s−1 · cm−2. An upgraded version with a
spectrum of 1019 s−1 · cm−2 could be assumed for a future dedicated beam line. We will quote results obtained with
this flux. The detection of a low flux of regenerated photon depends also on the detector sensitivity. We will assume
in this work Ndetector = 10−6s−1. With these specifications, we estimate the 2σ detection efficiency. For that, we refer
to the case β = 106 and βγ = 1010.62 as fixed by the solar energy loss bound. The original source spectrum and the

from Brax, Lindner, Zioutas, 
arXiv:1110.2583
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CERN Axion Solar Telescope

• 21 institutes, 48 authors, 12 
countries…

•Probing the mysteries 
of the Universe since 
2003 !!!

http://cast.web.cern.ch/CAST/CAST.php
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2001

2019…

http://cast.web.cern.ch/CAST/CAST.php
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The CAST helioscope

 17
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Sun visuals

 18

Sun filming through a window

Still frame of the sun showing 
details of sunspots and of a 
passing airplane
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Sun visuals
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Sun filming through a window
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CAST as Axion Helioscope

gaγ= 0.66 *10-10 /GeV
(95% C.L.)

Final result:

ma [eV]

Slide courtesy of H. Fischer - CAST Collaboration



G. Cantatore - OATS - March 20th, 2019  19

CAST as Axion Helioscope

gaγ= 0.66 *10-10 /GeV
(95% C.L.)

Final result:

ma [eV]

Slide courtesy of H. Fischer - CAST Collaboration

Alternatives
New and unconventional physics

CP-symmetry is spontaneously broken by nature
(con: data in excellent agreement with actual models)
Additional chiral symmetry (e.g. ma=0)
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This was so far never observed in experiments! Difference of a factor of  θ=10-10 between theory and experiment!

Neutron Electric Dipol Moment – EDM
Violation of CP symmetry ⇒ EDM of the neutron

 ΛQCD QCD energy scale ≈ 1 GeV

reduced mass of up and down quark
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The Peccei & Quinn Solution  (1977)
Introduce a massless pseudoscalar field a(x) interacting 
with the gluon field

⇒ field a has to be CP odd by construction
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The Axion Emission Processes in Stars
Nuclear Interaction

Nucleon Bremsstrahlung
Nuclear Interaction

Nucleon Bremsstrahlung
Photon Interaction

Primakoff Effect
Photon Interaction

Primakoff Effect

CAST is sensitive in a more generic framework: 
axion-like particles

[Any (pseudo)scalar coupled with the photon]

Axion-photon coupling gives rise to the Primakoff
effect: axion-photon conversion
(and vice versa) in the presence 
of electromagnetic fields.

That is the only axion 
phenomenology on which 
CAST relies…

Primakoff Effect

Axions are searched in three different contexts:
Axion Searches

Axion: a neutral Very light 
(pseudo)scalar

Ílet be light

The history of the Universe

Í let be axions

One candidate to Dark Matter: Axion

–Axions appear as Nambu-
Goldstone bosons in the  PQ 
spontaneous symmetry 
breaking.

–More generically, we speak 
about axion-like particles, to 
refer to fundamental 
(pseudo)scalars of similar 
properties without referring to a 
specific theory mode

The Strong CP Problem

“I named them after a 
laundry detergent, since 

they clean up a long 
standing problem in 
theoretical physics.”
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1.Axions produced in the Sun:
– Axion Helioscopes
CAST@CERN; Tokyo@Tokyo

– Crystal detectors 
SOLAX; COSME@Canfranc; 
DAMA@GranSasso

2.Dark matter axions (as relics 
of Big Bang):
– Axion Haloscopes
ADMX@LLNlab,
CARRACK@Kyoto

3.Axions produced in the 
laboratory
– “Light shinning through wall”

experiments
– Vacuum birrefringence

experiments 
PVLAS@Legnaro; IPSS@Jlab
OSQAR@CERN,   
ALPS@DESY; BMV@LULI; 
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The CAST physics programme
• CAST has completed its original mission searching for evidence of solar axions

• “Axion helioscope” configuration with MicroMegas x-ray photon detectors 

• Results published in Nature Physics: CAST is still the benchmark 
reference for axion searches

• With a new physics program (approved by CERN(*) in October 2015) 
CAST has expanded its horizons to Dark Matter and Dark Energy with three 
new research lines

• detection of relic (or “Dark Matter”) Axions with μ-wave resonant 
cavities (axion haloscope)

• detection of photon-coupled solar Chameleons with the InGrid photon 
detector

• detection of matter-coupled solar Chameleons with the KWISP force 
sensor

 21

(*) see G. Cantatore, L. Miceli, K. Zioutas, “Search for solar chameleons and relic axions with CAST”, CERN-SPSC-2015-021
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The CAST Physics Programme

Chameleons

Relic Axions

InGrid KWISP
CAST/CAPP RADES

Solar Axions

Slide courtesy of H. Fischer - CAST Collaboration
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Dark Matter Axions
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Haloscope search for DM Axions 
• cold “relic” axions are believed to 

accrete gravitationally around the 
galactic halo resulting in a uniform 
density of particles in the vicinity of 
the Earth

• halo axions can convert into a (μ-
wave) photon in the presence of a 
magnetic field, and a resonant cavity 
enhances the convcersion probability

• since the axion mass, and therefore 
the converted photon frequency, is not 
known, the cavity resonance must be 
tuned in search of a power excess 
over background

• haloscope searches can be very 
sensitive, but are extremely narrow 
band

 25

119th CERN SPSC meeting - 20/10/2015 41
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Axion haloscope searches mass bandwidth
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Figure 6 | Constraints on the two-photon coupling ga� of axions and similar particles depending on their massma. Apart from the CAST limits updated
with the result presented here, we show the results from the previous helioscope Sumico and the best limit from the Bragg technique (DAMA). Moreover,
we show the latest limits from the laser propagation experiments OSQAR and PVLAS, high-energy photon propagation in astrophysical B-fields (H.E.S.S.),
the SN1987A observation, and telescope limits for cosmic axion decay lines. Horizontal dashed lines provide limits from properties of the Sun and the
energy loss of horizontal branch (HB) stars. The vertical dashed line denotes the cosmic hot dark-matter (HDM) limit which only applies to QCD axions.
The haloscope limits assume that axions are the galactic dark matter. The yellow band of QCD axion models and the green KSVZ line are as in Fig. 2.

Solar axion searches usually assume that the axion flux is only
a small perturbation of the Sun. Actually for g10 & 20 axion losses
are so large that one cannot construct self-consistent solar models45.
Moreover, the measured solar neutrino flux and helioseismology
require g10 < 4.1 at 3� confidence46 (dashed blue line in Fig. 6),
implying that CAST is the only solar axion search that has gone
beyond this recent limit.

A sensitivity comparable to the new CAST limit derives from
traditional stellar energy-loss arguments. In particular, Primako�
losses accelerate the helium-burning phase of horizontal branch
(HB) stars, reducing their number count relative to low-mass red
giants, R=NHB/NRGB, in globular clusters (see dashed line labelled
‘HB’ in Fig. 6). The most recent analysis finds g10 <0.66 (95% CL)
and actually a mild preference for g10 ⇠ 0.4, although a detailed
budget of systematic uncertainties is not currently available7.

Solar axion searches beyond CAST, and at the same time beyond
the HB star limit as a benchmark, require a new e�ort on a
much larger scale, for example the proposed helioscope IAXO28.
For small masses, new regions in the ga�–ma will be explored with
the upcoming ALPS-II laser propagation experiment at DESY47,
by higher-statistics TeV � -ray observations, or the � -ray signal
from a future galactic supernova40. Beyond the ga�–ma parameter
space, many attractive detection opportunities are pursued world-
wide, notably under the assumption that axions are the cosmic
dark matter4.

After finishing its solar axion programme in 2015, CAST itself
has turned to a broad physics programme at the low-energy frontier.
In particular, this includes KWISP, a sensitive force detector, and an
InGrid detector, both in search of solar chameleons, aswell as CAST-
CAPP and RADES, implementing long-aspect-ratio microwave
cavities in the CAST magnet to search for dark-matter axions
aroundma ⇠20µeV (ref. 48).

Whichever of themany new developments worldwide will lead to
the detection of axions or similar particles in the ga�–ma parameter
space, our new CAST result will remain the benchmark for many
years to come and guide future explorations.

Data availability. The data that support the plots within this paper
and other findings of this study are available from the corresponding
author upon reasonable request.
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Solar axion searches beyond CAST, and at the same time beyond
the HB star limit as a benchmark, require a new e�ort on a
much larger scale, for example the proposed helioscope IAXO28.
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the upcoming ALPS-II laser propagation experiment at DESY47,
by higher-statistics TeV � -ray observations, or the � -ray signal
from a future galactic supernova40. Beyond the ga�–ma parameter
space, many attractive detection opportunities are pursued world-
wide, notably under the assumption that axions are the cosmic
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In particular, this includes KWISP, a sensitive force detector, and an
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cavities in the CAST magnet to search for dark-matter axions
aroundma ⇠20µeV (ref. 48).
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Today: CAST as Haloscope

• 𝑃𝑃 = 𝑔𝑔𝑎𝑎𝑎𝑎𝑎𝑎
2𝜌𝜌𝑎𝑎

1
𝒎𝒎𝒂𝒂

𝐵𝐵2𝐶𝐶𝐶𝐶𝑚𝑚𝑚𝑚𝑚𝑚 𝑄𝑄𝑐𝑐 ,𝑄𝑄𝑎𝑎

= 1.6 × 10−23W × 𝑔𝑔𝑎𝑎𝑎𝑎𝑎𝑎1014GeV
2 𝜌𝜌𝑎𝑎
300 MeV/cm3

2.4 × 10−5𝑒𝑒𝐶𝐶
𝒎𝒎𝒂𝒂

×
𝐵𝐵
9 T

2 𝑪𝑪
0.66

𝐶𝐶
5 𝑙𝑙

𝑄𝑄
5 × 103

• ma =   24 µeV  (f = 5.8 GHz)
• B = 9 T , CAST magnet
• V = 5 liters
• Q = min[Qc,Qa] = Q0/2  ∼ 5,000; critical coupling  

• Qc loaded quality factor
• Q0 cavity quality factor

~ 10 days, 𝑔𝑔𝑎𝑎𝑎𝑎𝑎𝑎 = 10−14GeV−1

Measurement with cavities

Projected Sensitivity:

Slide courtesy of H. Fischer - CAST Collaboration
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Cavity insertion in the CAST magnet
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CAST-CAPP – 2016 progress

2318/10/2016 K. Desch - Status and Plans of CAST

First cavity installed inside the CAST magnet (V2 bore) on June 20, 2016

Dimensions: 108 mm x 25 mm x 23 mm (ν≈6.05 GHz, not tuneable, Q~10000)

Position: 108 cm from flange, full field region

Signal transported to cryogenic low-noise HEMT amplifier inside vacuum vessel,

outside cold bore. T measured: 2.4 K

14 

 
 

 

Fig. 5.3 The outer flange with feedthroughs. 
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Each cavity will have a maximum outer length of 40 cm, fitting in a cylindrical envelope of 
40 mm diameter. A cavity having this maximum size should fit inside both bores at any 
position along their length, as established by bore metrology results. If only one bore will be 
available, at least five cavities will be installed. Note: With ten cavities operating at the same 
frequency, a 10-14 GeV-1 axion-to-photon coupling constant sensitivity can be reached in 
about one week of running, for an axion mass of 25 µeV (6 GHz). A cavity quality factor of 
20,000 has been assumed for this estimate. 
 

 
 

Fig. 5.1 Cavity insertion inside the CAST magnet bore  

 

 
 

Fig. 5.2 Cavity insertion inside the CAST magnet bore 
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Streaming Dark Matter

The Sagittarius Stream is a complex 
structure made of tidally stripped stars 
and dark matter from the Sagittarius 
Dwarf Galaxy due to the ongoing merging 
with our Galaxy the last ~5 Gyears. 
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Sagitarius Stream:
Galactic Center

Sun

StarsDM

Distribution of DM in Galaxy not known
Believed to be homogeneous

distribution following stars:
Local density increase by 105

Sensitivity temporaly increased by 105

Duty cycle O(1%) if crossing few days

Strategy:
fast scanning for CAST-CAPP
joint efforts of world wide cavity experiments

cf. https://arxiv.org/abs/1703.01436

Slide courtesy of H. Fischer - CAST Collaboration
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We suggest a new approach to search for galactic axions or other similar exotica. Streaming
dark matter (DM) could have a better discovery potential because of flux enhancement,
due to gravitational lensing when the Sun and/or a planet are aligned with a DM stream
[1]. Of interest are also axion miniclusters, in particular, if the solar system has trapped
one during its formation. Wide-band axion antennae fit this concept, but also the proposed
fast narrow band scanning. A network of detectors can provide full time coverage and a
large axion mass acceptance. Other DM searches may profit from this proposal.

1 Introduction

Axions appear in the solution of Peccei and Quinn, to explain the absence of the CP-violation
in quantum chromodynamics. Axions are excellent cold dark matter (CDM) candidates in the
mass range around (1-100) µeV. Beyond that range there are also good dark matter candidates,
the so-called axions like particles (ALPs). The axion haloscope technique suggested by P.
Sikivie [2] is still a widely used method searching for DM axions. Experimental tests for
axions predominantly rely on their electromagnetic coupling resulting in their inverse Primakoff
resonant conversion into microwave photons inside a strong magnetic field. This technique,
along with more recent ideas, allows to search for this elusive particle by slowly scanning the
potential axion rest mass range around ∼ 10−5 eV/c2 by tuning the resonance frequency of the

Patras 2017 1
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We suggest a new approach to search for galactic axions or other similar exotica. Streaming
dark matter (DM) could have a better discovery potential because of flux enhancement,
due to gravitational lensing when the Sun and/or a planet are aligned with a DM stream
[1]. Of interest are also axion miniclusters, in particular, if the solar system has trapped
one during its formation. Wide-band axion antennae fit this concept, but also the proposed
fast narrow band scanning. A network of detectors can provide full time coverage and a
large axion mass acceptance. Other DM searches may profit from this proposal.

1 Introduction

Axions appear in the solution of Peccei and Quinn, to explain the absence of the CP-violation
in quantum chromodynamics. Axions are excellent cold dark matter (CDM) candidates in the
mass range around (1-100) µeV. Beyond that range there are also good dark matter candidates,
the so-called axions like particles (ALPs). The axion haloscope technique suggested by P.
Sikivie [2] is still a widely used method searching for DM axions. Experimental tests for
axions predominantly rely on their electromagnetic coupling resulting in their inverse Primakoff
resonant conversion into microwave photons inside a strong magnetic field. This technique,
along with more recent ideas, allows to search for this elusive particle by slowly scanning the
potential axion rest mass range around ∼ 10−5 eV/c2 by tuning the resonance frequency of the

Patras 2017 1

scanning rate ∝
g4

aγγ

m9a
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Chameleons
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Chameleon to photon: 
the InGrid/GridPix 

detector
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The	InGrid based	X-ray	detector
2	µm	Mylar	entrance	 window

Single	 8	keV photon

Each	pixel	 represents	 a
single	 primary	 electron

Timepix ASIC	combined	 with	
integrated	 Micromegas stage	 (InGrid)

One	mesh	hole	per	pixel!

Detection	 of	photons	down	to	
277	eV	(Carbon	Kα line)	possible

InGrid based	X-ray	detector

Slide courtesy of K. Desch - CAST Collaboration
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Chameleon on matter: 
the KWISP detector
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The Kinetic WISP detection principle

 36

The Sun emits a stream of 
Sikivie-produced Chameleons

An ultra-thin taut membrane flexes 
as a sail under the Chameleon wind

High-sensitivity interferometric 
optical techniques detect tiny 
membrane displacements due to the 
Chameleon wind force

Curious? See January-February 2016 CERN Courier http://cerncourier.com/cws/article/cern/63705

http://cerncourier.com/cws/article/cern/63705
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KWISP principle II

• The op to -mechan i c a l fo rce - sensor 
technology at the heart of KWISP has been 
developed and tested preliminarily in the 
INFN Trieste laboratory (see M. Karuza, G. 
Cantatore, A. Gardikiotis, D.H.H. Hoffmann, Y.K. 
Semertzidis, K. Zioutas, Physics of the Dark Universe, 12 
(2016) 100-104)

• The CAST experiment is now equipped with 
the latest version of the KWISP detector 
looking for the direct coupling to matter of 
solar Chameleons (see G. Cantatore, M. Karuza and 
K. Zioutas, Cern Courier, January-February 2016)
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5x5 mm2 Si3N4 membrane

Cartoonist’s view of the KWISP working principle
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KWISP cavity lock

 38

TEM00 mode, no membrane Mode mixture with membrane (TEM00 + h.o.m.)
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KWISP cavity lock

 38

TEM00 mode, no membrane Mode mixture with membrane (TEM00 + h.o.m.)
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KWISP cavity lock

 38

TEM00 mode, no membrane Mode mixture with membrane (TEM00 + h.o.m.)
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The KWISP force sensor
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KWISP @ CAST 
• Exploits

• sun-tracking capability

• presence of flux-enhancing XRT 

• KWISP versions

• KWISP 1.5 - Michelson interferometry

• KWISP 2.0-3.0 - Fabry-Perot interferometry

 40
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Precursor: KWISP 1.5 at CAST

 42

X-ray telescope KWISP chamber

Chameleon 
chopper
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The Chameleon chopper
• Why does one need a chopper?

• the sensor detects relative displacements, thus a static displacement is not seen

• a time dependence must then be introduced in the membrane excitation

• Modulating the amplitude of something you cannot even see… the Chamelon chopper!

• rests on the principle of grazing-angle reflection of Chameleons (see http://arxiv.org/abs/1201.0079)

•key element: no detection is possible without 

 43

http://arxiv.org/abs/1201.0079
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KWISP 1.5 seen by Chameleons …

 44

5x5 mm2 Si3N4, 100 nm 
thick membrane at 5° 
incidence angle
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February 2017 solar tracking

• The February 2017 solar tracking run was done at CAST with the KWISP 
1.5 detector and the chameleon chopper in horizontal geometry for 
frequency stability

 45

Chameleon chopper (top view)

KWISP 1.5 on beam (side view)



G. Cantatore - OATS - March 20th, 2019

KWISP 2.5 setup

 46

Latest setup

18
Figure courtesy of J. Baier

On the CAST magnet On the CAST hall floor

solar chameleon beam

40 m long 
optical fiber
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KWISP 2.5 on the CAST magnet
Detection bench

Injection bench
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DLP-chip chopper

 48

• DLP-chip chopper (shiny 
surface) placed to intercept 
the chameleon beam (from 
the left) at a grazing 
incidence angle 

• Chip operates at ~ 9.8 kHz

Chameleon beam
Chameleon beam

5x5 mm2 membrane
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Membrane thermally excited peaks
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KWISP 2.5 sensitivity

 50

Location INFN Trieste 
optics lab

CAST Laser 
lab at CERN

CAST exp. 
hall off-beam

CAST exp. 
hall on-beam

Sensitivity 3 ⋅ 10−15 m
Hz

4 ⋅ 10−15 m
Hz

9 ⋅ 10−15 m
Hz

1 ⋅ 10−14 m
Hz
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Sensitivity vs. Temperature

 51

24 
 

• Study, design and construction of a compact Fabry-Perot resonator with “membrane-in-the-middle, 
suitable for cryogenic cooling 

• Commissioning and low temperature detector characterization 
• Sun-tracking data taking runs at cryogenic temperatures. 

 
 

 
Figure 4.2: Thermal limit on force sensitivity for the KWISP membrane  

with quality factor 100000 (see also text) 
 

4.1.4 Why this is worth doing in CAST 
CAST is a unique facility for Chameleon searches since it combines sun-tracking capability, maximizing ex-
posure and therefore statistics, with the availability of an X-ray telescope which also focuses the hypothetical 
chameleon flux from the sun providing a factor 100 or more increase in beam intensity. From the general point 
of view of the experiment, the presence of KWISP broadens the physics reach of CAST into the Dark Sector, 
making it the only CERN experiment actively searching both for Dark Matter and for Dark Energy. 
 

4.1.5 Team Members 
Members of the KWISP working group have a long practice in laser interferometry and the study and use of 
optical resonators, and are also experienced in opto-mechanical devices, see for instance ref. [6]. The list of 
KWISP team members is: 
Justin Baier, Giovanni Cantatore, Serkant Cetin, Horst Fischer, Wolfgang Funk, Antonios Gardikiotis, Dieter 
H.H. Hoffmann, Marin Karuza, Marc Schumann, Yannis Semertzidis, Theodoros Vafeiadis, Marios Vretenar, 
Konstantin Zioutas 

4.2 aKWISP – advanced-KWISP.  

Responsibles: G. Cantatore, H. Fischer, M. Karuza, Y. Semertzidis, K. Zioutas 

4.2.1 Short introduction and motivation 
Precise measurements of Short-Range Interactions (SRIs) between macroscopic bodies can open a window on 
a wide variety of physical processes not encompassed in the Standard Model. Interaction distances below 1 
micron are particularly interesting since at the moment no experiment has been able to investigate this distance 
range. To access this region and even below, down to 10 nm perhaps, we propose a novel device, called the 

Thermal limit

Sf = 4KkbT
ω0Q

K = 30 N/m (eq . spring constant)
kb Boltzmann constant
ω0 = 82.5 kHz (membrane res . freq.)
Q = 105 (membrane qualit y factor)

(*)

(*) following S. Lamoreaux, arXiv:0808.4000
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KWISP 3.0 main features

• Overall dimensions have been reduced by a factor 2 or 
more, keeping the F-P cavity of the same size

• The matching optics have been redesigned using smaller 
diameter components

• All the optics (in the detection bench) are mounted on a 
monolithic base machined  out of  a single piece of Al

• The entire base fits into the existing vacuum chamber and 
is mounted on special vibration isolation feet

• Light is fed into the system entirely through optical fibers.

 52



G. Cantatore - OATS - March 20th, 2019

KWISP 3.0 basic principle
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Monolithic optical bench
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membrane
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Chameleon studies with KWISP

• Projected chameleon exclusion achievable at CAST, assuming KWISP at 10 
milli-Kelvin and an integration time of 106 s (6 months of solar tracking) 

 56

23 
 

 
Figure 4.1: Projection of the exclusion potential of CAST, assuming an opto-mechanical force sensor at a 

temperature of 10mK and an integration time of 106 s, corresponding to 6 months solar tracking. 
 

4.1.3 Status and foreseen improvements 
A prototype version of KWISP, where the detection of membrane movements is accomplished by means of a 
Michelson-type interferometer with full homodyne readout, has already been used during a solar tracking cam-
paign with CAST reaching a sensitivity of 10-15 m/√Hz [4]. An upgraded version, which employs a high-finesse 
Fabry-Perot optical resonator and dubbed KWISP 2.5, has been tested in the laboratory reaching also sensitiv-
ity of 10-15 m/√Hz at room temperature and without homodyne readout It is now being installed and commis-
sioned on the CAST magnet in order to be ready for the upcoming data taking period. Ongoing tests indicate 
that the sensitivity has not deteriorated with respect to the values obtained in the laboratory.  
The performance of the detector, once stability and control of the environmental noise in the CAST area have 
been achieved, depends mainly on the temperature of the membrane, as its own Brownian motion affects the 
ultimate sensitivity. Figure 4.2 shows a plot of the thermal limit on force sensitivity for the KWISP membrane, 
where a quality factor of 100000 has been assumed [1]. 
 
For this reason, beyond mechanical upgrades and better vibration isolation, the key improvement foreseen for 
KWISP is operation with the membrane at cryogenic temperatures. A dilution refrigerator stage coupled to a 
custom cryostat can bring the membrane in the milli-Kelvin range, thus providing a factor ~300 gain in sensi-
tivity. The challenge is to design and build a cryostat fitting on the CAST magnet and capable of housing a 
Fabry-Perot interferometer with the membrane in its middle. 
 
A further improvement in sensitivity can be expected by implementing homodyne readout of the force sensor, 
following the technique illustrated in ref. [5]. This technique is already effective at room temperature and can 
be implemented in parallel and even before the cryogenic upgrades. 
 
The proposed KWISP activities at CAST are: 

• Design and implementation of optical homodyne detection 
• Study, design and construction of a custom cryostat equipped with a dilution refrigerator stage; for 

this activity CERN expertise in cryogenic systems will be essential 

KWISP broadens the physics reach of CAST into the Dark Sector, making it the only 
CERN experiment actively searching both for Dark Matter and for Dark Energy.  
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Upcoming…
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Beyond: advanced-KWISP
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aKWISP in a nutshell
•Motivation

• Short-Range Interactions (SRIs) between 
macroscopic bodies can probe a panoply of 
beyond-the-Standard-Model physical processes 

•Principle of the measurement

• Two micro-membranes set at a short (100 nm o 
less) separation distance. One acts as the “source 
mass” and moves under an external controlled 
force, while the second acts as the “sensing mass”

• One looks for a dependence on the separation 
distance differing from the standard Newtonian 
interaction potential

•Physics goals

• Axion-exchange interactions (using appropriate 
membrane surface configurations to have field 
gradient between the membranes).

• Axion detection through the Topological Casimir 
Effect (requires magnetic field)

• Quantized short range forces 

• Casimir force: only a limiting background force?

• Scalar Dark Matter and extra-dimensions

• …
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Double Membrane Interaction Monitor
• The key element of aKWISP is the DMIM

• “sensing” membrane coated with a 3 nm layer of C to drain static charges

• “source” membrane coated with 3 nm C on one side and with 100nm of Al on the opposite 
side to provide a reflective surface; “source” also has a hole to pass the sensing laser beam 
undisturbed

• One possible assembly strategy is to mount one of the two membranes on piezo actuator 
to be able to change the separation distance

• Membranes of both types have already been procured in order to start with preliminary 
assembly tests
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DMIM - Double Membrane Interaction Monitor

membrane

conductive carbon coating

metallic reflective coating

Schematic assembly possibility
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“sensing” membranes “source” membranes
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Sensing SR forces
In aKWISP, the interaction 
force between source and 
sensing mass is, to a first 
approximation, the sum of 
the  “Newtonian”, “Casimir” 
and “Yukawa”, contributions, 
each depending differently 
on the separation distance r:

A possible measurement 
strategy to separate the 
contributions is to modulate 
the separation distance with 
a varying amplitude
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FN = G
r2 ; FC = B

r4 ; FY = Gα
λr2 (r + λ) e− r

λ
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room temperature KWISP sensitivity
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Conclusions…
• CAST is a unique experiment and observatory potentially 

sensitive to both Dark Matter and Dark Energy

• The recent results from the CAST solar axion search 
program again set the reference bound over a wide axion 
mass range

• CAST is now pursuing a physics program centered on 
Dark Matter (relic axions with microwave cavities) and 
Dark Energy (chameleons with GridPix and KWISP)

• Trieste is a very active part with the novel KWISP 
opto-mechanical chameleon detector

 63



G. Cantatore - OATS - March 20th, 2019

…or beginnings!
• CAST is presently in shutdown mode: the magnet is open and the 

microwave cavities are being reinserted after a check-up, a new 
series of measurement campaigns will start in a few weeks

• The KWISP opto-mechanical detector has reached version 3.0, 
now in the installation phase on the CAST magnet

• There is the possibility of repeating a series of measurement on 
solar axions using a photon detector with Xe gas in the 
amplification region to eliminate a systematic effect due to an 
intrinsic emission line of Ar

• The advanced-KWISP project, a spin-off of the KWISP technologies 
pioneered in CAST could open a new window on hitherto 
unexplored physical processes beyond the standard Model
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We have great 
ideas !! … mo’ ce tocca 

lavorà!

Thank you!


