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The choice of ωtt involves competing considerations of thermal and other low-

frequency torque noises and the noise in the twist readout system. The response of

a damped torsion oscillator to a torque of magnitude T varying at a frequency ωs is

θ(ωs) =
T

κ

ω2
0

!

(ω2
0 − ω2

s )
2 + (ω2

0/Q)2
, (10)

where κ is the torsional spring constant. Running on resonance (ωs = ω0) is only

sensible when the θ readout noise is completely dominant. Otherwise, the signal-to-noise

ratio is optimized by a compromise between the thermal torque noise (which falls with

increasing ωs) and noise from imperfect turntable rotation (which rises as ωs increases).

The rotating torsion balance used for the recent Eöt-Wash test of the WEP[13, 14] is

Figure 2. Simplified scale drawing of the Eöt-Wash WEP torsion balance.

depicted in figure 2. An air-bearing turntable driven by an eddy-current motor provided

a highly uniform rotation rate. A laser autocollimator measured the twist of the torsion

pendulum[15]. Additional sensors on the apparatus measured temperature, vacuum

pressure, and tilts. Feedback to the tilt sensors aligned the rotation axis with local

vertical by controlling thermal-expansion legs that supported the turntable[12]. The
balance was surrounded by passive thermal and magnetic shields. Large masses placed

nearby compensated the leading static environmental gravity gradients by more than

two orders of magnitude. An ion pump maintained the vacuum chamber at a pressure of

< 10−4 Pa. The apparatus is located within a temperature-stabilized foam box inside a
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Figure 6. The left panel shows 95% CL upper bounds on the strength of a vector
Yukawa interaction coupled to q̃ = B − L. The curve labeled EW shows the limit
extracted from the lab-fixed results in table 3. Curves labeled Princeton, Moscow,
EW94, and EW99 are extracted from [1], [2], [8] and [11], respectively. The two
LLR constraints are derived from lunar laser-ranging results[22] for the earth-moon
differential acceleration toward the sun (right curve) and the inverse-square law
violation obtained from anomalous precession of the lunar orbit (left curve). The
right panel shows how the constraints on an infinite-range interaction depend on ψ̃ the
parameter that describes the interaction charge. The combined Eöt-Wash result from
Be-Ti and Be-Al attracted toward the earth and toward the sun is indicated by EW.
The Moscow result[2] used a Al-Pt dipole attracted to the sun; the left pole arises when
the sun’s charge is zero, while the pole on the right occurs where the charge difference
of the test bodies vanishes.

right panel in figure 6, which displays 95% CL limits on |α̃| as a function of ψ̃ for an

infinite-ranged interaction. Since any single pair of test bodies (or source) has a value of

ψ̃ for which its charge difference (or charge) vanishes, two different pairs of test bodies
and two different sources must be used to obtain limits for all values of ψ̃.

Figure 7 shows an example of WEP bounds on scalar interactions, the Donoghue-

Damour[6] scenario for WEP violation by massless dilatons. Their predicted WEP-

violating effects are dominated by couplings to the average light quark mass and the

electromagnetic field strength via the “dilaton coefficients” Dm̂ and De, respectively.

Our 95% CL limits in the Dm̂-De parameter space demonstrate that the effects of a
massless dilaton must be suppressed by a factor of at least ∼ 1010. (The individual

95 %CL constraints on Dm̂ and De are (−0.3± 3.2)× 10−10 and (+1.7± 10.3)× 10−10,

respectively.) This suggests that the dilaton must have a finite mass so that its short-

range force was not detected in WEP experiments. In this case, inverse-square law tests,

which probe the dominant composition-independent coupling to the gluon strength, set a

conservative lower limit of 3.5 meV on the dilaton mass[23, 4]. This lower limit becomes
13 meV in the standard model if the string scale is set to the Planck scale[4].



force between parallel plates

force between a plate and a sphere

chameleonic force 

dark energy scale is

The scalar force could be detected in Casimir type experiments

Brax et al PRD76(07)124034

Fcas ⇡ d�4

Casimir Force Experiments

⇤ ⇡ 10�3eV



mc is the mass of the chameleon in the plates and mb the mass 
in the vacuum between the plates
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FIG. 8: Current constraints from Casimir force measurements on chameleon theories with V (φ) = Λ4
0(1 + Λn/φn); Λ0 =

2.4 × 10−3 eV. The cases n = −8, n = −4, n = 1 and n = 4 are shown above. Presently Λ ≈ Λ0 is only ruled out for theories
with n = −4 and n = −6 (for which a plot is not shown). See text for further discussion.

proposed experiments that could potentially make such a detection.
We define ε(d) to be the ratio of the chameleonic, Fφ, and Casimir, Fcas forces between two parallel plates:

ε(d) =
Fφ

Fcas
,

If the chameleonic force is to be detected or ruled out, one would have to measure the Casimir force at a separation
d to an accuracy of 100ε(d)%. If V (φ) = Λ4

0G((Λ/φ)n), for some G such that G(1) = 1 and G′(1), G′′(1)/2 ∼ O(1),
then we would find Fφ/A ≈ AφΛ4

0H(Λdd) where Λd = Λ2
0/Λ and H is some function related to G; H(1) = 1 and

Aφ ∼ O(1). It follows that

ε(d) ≈
240AφΛ4

π2Λ4
0

(Λdd)4H(Λdd).

For Aφ ∼ O(1), 240Aφ/π2 ∼ O(20). Thus in the simplest and most natural situation where there is only one energy
scale associated with the potential i.e. Λ ≈ Λ0, we expect ε(Λ−1

0 ) ∼ O(20). If G(Λdd) ∝ d−2 and Λ ≈ Λ0, then
ε(d) ∼ O(1) when d ∼ O(Λ−1

0 /3). If we take Λ ≈ Λ0 = 2.4 × 10−3 eV then Λ−1
0 ≈ 82 µm. We would then expect

ε(d) ∼ O(1) when d ≈ 30 µm. At d ≈ 10 µm, the ratio of the chameleon to the Casimir force would then be a
few percent. This provides us with a rough estimate for the sensitivity required to detect chameleon theories with
Λ ≈ Λ0 ≈ 2.4 × 10−3 eV. A more precise requirement can, of course, be given when V (φ) is specified.
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FIG. 9: Relative strengths of the chameleonic and Casimir forces between two parallel plates at zero temperature. We have
taken Λ = 2.4 × 10−3 eV. Figure (a) is for V = Λ4 + Λ4+n/φn and figure (b) for V = Λ4 exp(Λn/φn) with Λ = 2.4 × 10−3 eV.
For most values of n we see that ε(d) = 1 for d ≈ 30 − 40µm. At d ≈ 10 µm, ε ≈ 0.01 − 0.1 in most cases.

If V = Λ4
0 (1 + Λn/φn) then for mbd ≪ 1:

ε(d) = εpow(d; n) ≡
240KnΛ4

π2Λ4
0

(Λdd)
2(n+4)

n+2 . (42)

If V = Λ4
0 exp Λn/φn then for mbd ≪ 1 and Λ0d ≪ 1 so that (n + 1)/nh(Λd) ≪ 1:

ε(d) ≈ εexp(d; n) =
480Λ4

n2Λ4
0h(Λdd)

2n+2
2

(Λdd)
2(n+4)

n+2

!

1 −
n + 1

nh(Λdd)

"

. (43)

If V = Λ4
0 exp Λn/φn and d ≫ Λ−1

d we have ε = εpow. For both of these examples Fφ/A grows more slowly than the
Casimir force as d → 0. We plot ε(d) against d for both of these potentials in FIG. 9. In both figures we have taken
Λ = Λ0 = 2.4×10−3 eV. For most values of n we see that ε(d) = 100% for d ≈ 30−40 µm, and ε(d) ≈ 1%−10% when
d ≈ 10 µ. In principle at least, all of these chameleon theories could be detected if one were able to unambiguously
measures forces that were 1% the size of zero-point Casimir force at d ≈ 10 µm. This corresponds to a sensitivity to
pressure, P = F/A, between the two plates of 0.13pNcm−2 = 1.3nPa. As we discuss further below, such a precision
is well within the reach of the next generation of experiments. However, in order to actually detect the chameleonic
force one must not only be able to reach this sensitivity, but also be able to calculate and control all background
non-chameleonic forces to the same precision. Whilst it is possible to do this for the zero-point (i.e. zero temperature)
Casimir force and any electrostatic forces, it becomes a problem at room temperature and at separations of about
10 µm. Under these conditions the thermal contribution to the Casimir force is expected to dominate over the zero-
point force. If one were able to calculate the thermal contribution to the Casimir force accurately then this would not
be a major problem. However, there are currently two main approaches to calculating the thermal Casimir force and
there is a great amount of debate and disagreement as to which is correct [21]. The two models are often refereed to
as the Drude model [22] and the plasma model [23]. For an excellent review of the current status of this controversy
see Ref. [21].

For separations larger than 5µm, the thermal Casimir force between two perfectly reflecting mirrors is:

F̄thermal

A
≡
ζ(3)kBT

4πd3
,

where kB is Boltzmann’s constant. The competing more realistic models predict F̄thermal/2 ! Fthermal ! F̄thermal. At
T = 300K and at d = 10 µm we then have 1.5 ! Fthermal/Fcas ! 3.0. At 10 µm , the magnitude of the chameleonic
force for Λ = Λ0 ≈ 2.4 × 10−3 eV is generally about 1% of the total Casimir force (including thermal correction).

In FIGs. 10 and 11 we indicate how Fφ/(Fcas + F̄thermal) and Fφ/F̄thermal depend on T and d.
To detect, or rule out, the presence of chameleon fields with Λ ≈ Λ0 ≈ 2.4 × 10−3 eV at a separation of O(10)µm,

one first has to calculate both the zero-point Casimir force to an accuracy of better than 1% and then either to be



Casimir Force

 10% deviations at!
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by changing the density between plates 
the chameleonic force is screened

for plate separation of 30 microns, 
inject gas at different pressures could 
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Figure 8 : Limits on Yukawa-type forces arising from the
estimated levels of sensitivity for the upcoming Cannex ex-
periment (dashed lines). The shaded area marks parameter
ranges already excluded by the results of experiments the
Eöt-Wash [25], Stanford [10], Yale [11]. and Tokyo [27]
groups.

results in favor of either the Drude model "D or the
plasma model "p as a valid description of the dielec-
tric function of metals, but the available experimental
data could not convince all researchers in favor of ei-
ther candidates. One may write,

"D(!) = "

0

� !

2

p

!

2 + i�!
, and "p(!) = "

0

� !

2

p

!

2

,

(7)

for the respective spectral dielectric functions, depend-
ing on the radial frequency !, and the plasma fre-
quency !p =

p
⇢e�e

2

/m

⇤
"

0

of a metal with electrons
of e↵ective mass m

⇤, number density ⇢e� , and ele-
mentary charge e, in a vacuum of dielectric constant
"

0

. While both models are not rigorously defined from
first principles, "D appears to be more ‘physical’ in
the sense that it takes into account dissipation of elec-
trons via the damping factor �, which is neglected
in "p. However, under certain conditions, the Drude
model is thought to violate the second law of thermo-
dynamics [28, 29]. If one uses the commonly applied
Lifshitz theory to calculate the Casimir force FC be-
tween two plane parallel surfaces made of metals being
described by either "D or "p, the two results will di↵er
by more than 100% at plate separations d & 6µm [30].
For gold surfaces of area 1 cm2 the absolute value of
FC at the same distance amounts to approximately
FC . 80 pN when assuming "D, and more than twice
as much for "p. Hence, even if the final accuracy
of Cannex cannot match its targeted precision level
of 0.3 pN, a measurement of the Casimir force with
absolute error of 10% appears to be well within the
achievable range. Data produced by such an exper-

iment in the distance regime d > 6µm would allow
us to unambiguously discriminate if the Drude or the
plasma model are in agreement with the experiment,
and thereby, to settle a issue standing for more than
ten years.

VII Summary and conclusion

The Casimir and non-Newtonian force experiment
(Cannex) is poised to overcome the limitations of
present precision force measurements by the utilization
of macroscopic plane parallel plates, sub-pN force reso-
lution, and an e↵ective isolation system. In this paper
we characterize the core element of this experiment –
the force sensor. This micro-machined device could be
fabricated by wet etching, reactive ion etching, or laser
cutting from silicon or SOI wafers. Geometrically, it
consists of a flat central disk of area 1 cm2, which is
supported by spiral-shaped spring arms, allowing for
a vertical translation of the disk. The design has been
optimized to maximize the force sensitivity, while be-
ing robust enough for handling and to avoid instability
under expected experimental conditions.
We have presented a static and dynamic character-
ization of the sensor structure. For this purpose a
test setup was constructed in which the central disk
is opposed to a fixed plate to form an electric capac-
itance. Using piezoelectric actuators we mechanically
excited the sensor structure and monitored the vibra-
tion amplitude via a capacitive bridge circuit. We
found that the mechanical response can not be e�-
ciently described by a one-dimensional, lumped pa-
rameter model, but can be matched by a numeri-
cal simulation taking into account the precise geom-
etry. By comparing numerical and experimental data
we were able to determine the static force constant
k = 0.63N/m, and the quality factor Q ⇡ 100 of a
prototype device with larger-than-usual tolerances. In
static measurements we could demonstrate the feasi-
bility of force detection by applying an electric DC
potential between the sensor and the fixed plate, re-
sulting in a displacement which was again sensed ca-
pacitively. Due to the absence of electrical and vi-
brational insulation in our test setup, noise was found
to be the limiting factor, leading to a force sensitiv-
ity of only ⇠ 10 nN. Assuming that external influences
(mechanical, electrical, and thermal) can su�ciently
be attenuated, we estimated the residual Brownian
noise of the sensor using the measured Q-factor and
resonance frequency. Considering these results and
the known electrical noise of the detection system we
could eventually estimate the ideally achievable preci-
sion for Cannex to be around 1.2 pN (and 0.3 pN with
straightforward improvements) at a plate separation of
⇠ 10µm. This result gives confidence that the planned
measurements can indeed unambiguously answer long-
standing questions regarding the thermal contribution
to the Casimir energy and give new limits to hypothet-
ical chameleon forces, which could explain the nature
of dark energy.

Preprint – 7



Why	Atom	Interferometry?	
In	a	spherical	vacuum	chamber,	radius	10	cm,	pressure	10-10	Torr	

Atoms	are	unscreened	above	black	lines			
(dashed	=	caesium,	doAed	=	lithium)	
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Burrage, Copeland and 
Hinds 1408.1409
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Figure 2: Michelson interferometer.

the di↵erence between the two paths. The Michelson interferometer was famously used by Michelson
and Morley to prove that light does not propagate through an ether [34].

Atom interferometry relies on the same principles as a Michelson interferometer, a wave is split into
two parts that travel along di↵erent paths, and are then recombined. The di↵erence is that the wave is
made of atoms and not light. It is therefore an intrinsically quantum mechanical experiment, relying
on the concept of wave-particle duality. Any forces that act on the atoms while they are propagating
along the arms of the interferometer will modify the properties of the wave and result in an interference
pattern. Atom interferometry experiments with the ability to detect gravitational strength forces were
first performed by Peters, Chung and Chu at Stanford University [35]. They were able to measure
the local acceleration due to gravity with an accuracy of �g/g = 2 ⇥ 10�8 using Caesium atoms.
In what follows we describe the theory underlying an atom-interferometry experiment, and we refer
those readers interested in the practical details of performing such an experiment to [35]. It was
later realised that atom-interferometry could be used not just to measure the Newtonian gravitational
force, but with su�ciently precise measurements it could search for fifth forces coming from beyond
standard model physics [36] and it could also be used to test general relativity [37]. The ability of atom
interferometry to constrain beyond the standard model physics is normally due to the unprecedented
precision achievable with this technique. In contrast, here we present an experimental approach to
testing theories of dark energy which relies on unprecedented sensitivity because atoms are so much
smaller than other objects previously used to search for new forces.

A rough sketch of the experiment is shown in Figure 3. A cloud of atoms is launched in a fountain
in the vicinity of a macroscopic spherical mass which is the source of the chameleon force acting on
the atoms. The Figure indicates typical distance scales for such an experiment.

4.1 Manipulating atoms

Let us start by describing how atoms are moved around inside an experiment. We assume that the
atoms we are working with are very cold, so that we can neglect their thermal motion, and consider
that we start out with a single stationary atom. This atom has two energy levels, E

1

and E
2

, and
the atom is initially at rest in the ground state E

1

. We now shine a laser beam at the atom and the
frequency of the laser is tuned so that the energy of each photon is exactly E

2

� E
1

. If the atom
absorbs the photon it is excited into state 2. In order to conserve momentum, the atom must also
have picked up the momentum that was originally carried by the incoming photon. The excited atom

– 10 –
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Figure 3: Outline of the proposed experimental set up. The atoms move freely within the red region
at the centre of the Figure. The source mass, indicated by the blue circle, is then moved from its
initial position on one side of the cloud of atoms, to its mirror image, indicated by the shaded blue
circle and the experiment is repeated. The black dashed line indicates the direction of propagation of
the laser beams.

Figure 4: An atom inherits momentum from an absorbed photon.

will therefore have a velocity V = k/M where k is the momentum of the incoming photon and M the
mass of the atom. This is shown in Figure 4.

If the system is not observed at this point, we do not know whether it has absorbed the photon or
not, therefore it is in a superposition of two states; the first where the atom is still stationary and in
its ground state, and the second where the atom has been excited and is moving with velocity V . An
atom interferometry experiment repeats this process three times to put an atom into a superposition
of states that travel on two di↵erent paths shown in Figure 5. In between the numbered points the
atoms fall freely, and at the numbered points there is a possibility that the atoms interact with a laser
beam, which changes the velocity of the atom. As we have seen the atom is given momentum when it
absorbs a photon, and gets excited from its ground state. The same process happens in reverse when
the atom loses energy by a process of stimulated emission. The presence of the laser beams encourages
an excited atom to emit a photon in the direction of the laser beams and to decay back down into its
ground state. Again conservation of momentum means that as the atom decays into the ground state
it transfers some of its momentum to the photon, and so the atom’s velocity decreases accordingly.

4.2 Probability in quantum mechanics

Atom interferometry relies on the interference between the wave description of the atom travelling
along two possible paths. In the Michelson interferometer in Figure 2 the light beam is split into two
parts that travel along the two arms of the interferometer. In an atom interferometer, the principle of
quantum superposition allows one atom to explore both possible paths simultaneously. We will now
show that the amount of quantum interference between these two possible paths is sensitive to the

– 11 –
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Figure 5: Sketch of an atom interferometer. Interactions between counter-propagating laser beams
(grey lines) and atoms (black lines) can be used to give momentum to atoms and put them into a
superposition of states which travel along the two arms of the interferometer. A sequence of three
pulses, separated by time T , is needed to split and recombine the atomic wave-function. k

1

and k
2

are the wave-numbers of the laser beams. A chameleon field gradient in the x direction curves the
trajectories of the atoms, and this determines the probability of observing the atom to be in a given
state at the output of the interferometer.

forces acting on the atoms. To do this we first review how the probabilities of events are combined in
quantum mechanics.

The interpretation of quantum mechanics as a theory in which particles explore all possible paths
between two points of observation is due to Feynman [38] and based on earlier ideas of Dirac [39]. If
a particle is observed to be at point A, the probability of finding it after some time t at point B is
found by considering all possible paths that the particle could have explored between A and B. This
probability is P (B,A) = |K(B,A)|2 where K(B,A) is called the kernel

K(B,A) =
X

paths

✓[x(t)] (4.1)

where ✓[x(t)] can be thought of as the amplitude for the given path x(t). The sum is performed over
all paths x(t) which join the points A and B. The contribution of each path has a phase proportional
to the classical action S

✓[x(t)] = Ce(i/~)S[x(t)] (4.2)

where the pre-factor C is just a normalisation constant. This is known as the path integral formalism
of quantum mechanics; readers interested in the details of this formalism, and how it connects to the
Schrödinger description of quantum mechanics are referred to the excellent book by Feynman and
Hibbs [38].

To see how this di↵ers from the notion of probability in classical mechanics we consider a useful
example. If there are only two possible routes that can be taken between point A and point B, then
we can write the probability that the particle travels on path 1 as P

1

= |✓
1

|2, and the probability that
the particle travels on path 2 as P

2

= |✓
2

|2. But the probability that the particle arrives at point B

– 12 –
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Force	on	test	par1cle	vanishes	when	symmetry	is	
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This potential looks like a Higgs potential. 
What happens in Higgs inflation?
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o  Chameleons may couple to electromagnetism: 

o  Cavity experiments in the presence of a 
constant magnetic field may reveal the 
existence of chameleons.  

o  They may also be detected via astrophysics 
and cosmology. 

 

 

Chameleons Coupled to Photons

this coupling is induced by 
the conformal anomaly



this coupling enables photon chameleon mixing in the presence of 
a magnetic field with mixing angle

the mixing probability is

where

Coupling to Photons



Astrophysical Polarisation with C. Burrage and D. Shaw	
0809.1763;PRD79(09)044028

In the presence of a magnetic field photons can convert into scalars. 
We found that this can induce polarisation in astrophysical objects. We 
used different models and assumptions for the magnetic field, but the 

results are pretty robust. The details are messy and in our paper.
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We analysed starlight polarisation for stars in 
our galaxy out to 6kpc from NASA 

For 3 stars

✓
BL

2M

◆

rand

< 7.2⇥ 10�2 (95%),

✓
BL

2M

◆

rand

< 8.1⇥ 10�2 (99.9%).

✓
BL

2M

◆

gal

< 8.9⇥ 10�2 (95%)

✓
BL

2M

◆

gal
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using Hubble telescope 
data

Many other astrophysical and cosmological analysis in the paper

This gives



A smoking gun -- 
circular polarisation
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AGNs

Constraints come from AGNs. X-ray luminosity at 2 keV is 
observed to be tightly correlated with optical luminosity at 5 eV. 
Similar luminosity correlations exist for blazers and gamma ray 
bursts, but these give weaker constraints. Current constraint is 

Burrage, ACD, Shaw 0902.2320; Pettinari & Crittenden 1007.024

M� > 1011GeV



Chameleonic SZ Effect
ACD, Schelpe, Shaw 0907.2672; 1008.1880

Conversion of CMB photons to chameleons in the 
presence of a magnetic field in clusters. Gives effect 

similar to SZ effect, but differences near edge of cluster. 
Photon —Chameleon conversion also gives rise to circular 
polarisation of the CMB. This gives similar constraints. In 

depth analysis of Coma cluster from Bicep results. 
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Figure 2. Scheme of the PVLAS polarimeter. PDE: Extinction Photodiode; PDT: Transmission

Photodiode.

beam transmitted by the cavity. For rotation measurement, a quarter-wave-plate (λ/4) is

inserted at the exit of the cavity with one of its axes aligned to the input polarisation,

transforming the rotation eventually acquired by the beam inside the magnetic field region

into an ellipticity (and, at the same time, the ellipticity into a rotation). Finally a polariser,

crossed with respect to the input prism, extinguishes the polarisation component of the

beam parallel to the input polarisation. The residual intensity is then collected with a light

detector and Fourier analysed.

In order to calculate the effect, we use Jones’ matrices [16] to describe the beam and the

optical elements. The most general optical element describing linear magnetic birefringence

and dichroism can be written, in its own axes and neglecting an overall attenuation factor,

as

X0 =

⎛

⎝

eξ 0

0 1

⎞

⎠ ,

where ξ is a small complex number that we write as ξ = i 2ψ − 2θ. Here 2ψ is the phase

difference between the two polarisation directions added by the optical element and 1− e−2θ

is the fraction of the absorbed electric field. Without loss of generality, the x direction (X ′

direction of Figure 3) is considered as the absorbing as well as the slow axis. The value ψ

is the maximum ellipticity[? ] that light can acquire due to X0, while θ is the maximum

rotation. In the case of the vacuum birefringence of Equation (3), the ellipticity ψ for a

length L = 1.6 m of a magnetic field Bext = 2.5 T and light wavelength λ = 1 µm is

ψQED = π
∆n(EHW)L

λ
= 1.2 10−16. (7)

Placing X0 at an angle φ with respect to the polarisation direction, one finds

X(φ) =
1

2

⎛

⎝

1− cos 2φ+ eξ(1 + cos 2φ) −
(

1− eξ
)

sin 2φ

−
(

1− eξ
)

sin 2φ 1 + cos 2φ+ eξ(1− cos 2φ)

⎞

⎠ .
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Figure 6. Upper panel: optical and mechanical scheme of the apparatus. WPs = Wave-

plates; HWP = Half-wave-plate; PDR = Reflection photodiode; P = Polariser; Ms = Mirrors;

QWP = Quarter-wave-plate; PEM = Photoelastic modulator; A = Analyser; PDT = Transmis-

sion photodiode; PDE = Extinction photodiode. Lower panel: A wide-angle picture of the PVLAS

apparatus. The two blue cylinders are the permanent magnets.

resonance is 65 Hz, corresponding to a phase interval of less than 10−5 rad.

The laser frequency is matched to the resonance frequency of the cavity by means of a

modified Pound-Drever-Hall feedback system [19]. The electronic feedback circuit has the

unique feature of allowing the adjustment of the reference point of the loop, equivalent to

varying δ in Equations (19) and (20). This allows the scanning of the Airy curve of the

intensity transmitted by the cavity around its maximum. The amplitude of this interval

is in principle limited to the linear range of the error function, but is in practice slightly

less. The feedback circuit parameters are controlled by a microprocessor that, in the case

the feedback unlocks, re-locks automatically. In a measurement run lasting several days this

normally results in a dead time of less then 5%.

After the cavity, the light crosses the photoelastic ellipticity modulator PEM, that adds

a small ellipticity variable at frequency νm. In the case of rotation measurements, the

quarter-wave-plate QWP is inserted. Finally, the light leaves the polarimeter through the

analyser A, that separates the two polarisations. The two beams are collected by the two

1 mm2 InGaAs photodiodes PDT and PDE. The photocurrents are amplified by two low

noise transimpedance amplifiers. The extinguished signal is demodulated by two lock-in
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this was first investigated by [127], who examined a sample of luminous red galaxies (LRGs)

from the SDSS to find a bound fR0

† 10´4. A more recent study combining redshift-space

distortion observations with other cosmological datasets found the stronger bound fR0

†
2.6 ˆ 10´6 [128].

4.7 Tests of the Coupling to Photons

In this section we summarize experimental tests of the coupling to photons discussed in Section

2.3. We will restrict our attention to chameleon models, for which the coupling to photons

has been widely studied. Extending these constraints to other models with screening remains

a topic for future work.

4.7.1 PVLAS

The PVLAS experiment [129] studied the polarisation of light propagating through a magnetic

field. The presence of an axion, or axion-like particle coupled as in Equation (2.35) would

mean that, in the presence of a magnetic field, one polarisation of the propagating photon

can convert into the scalar particle and vice versa. The second polarisation will propagate

through unimpeded [130]. This induces rotation and ellipticity into the polarisation of the

incoming laser beam. The PVLAS experiment bounded the induced rotation to be less than

1.2 ˆ 108 rad at 5 T and 1.0 ˆ 108 rad at 2.3 T, and the induced ellipticity to be less than

1.4 ˆ 108 at 2.3 T. This constraints the coupling strength M� of a light axion-like particle.

In such experiments chameleon particles behave very di↵erently to standard axion-like

particles, precisely because of their density dependent mass. If standard axion-like particles

were produced in PVLAS they would pass through the walls at the end of the vacuum chamber

without interacting and so leave the experiment. For a chameleon to pass through the wall,

the chameleon particle must have enough energy that it can adjust its mass to the higher

value needed for it to exist inside the wall. If it does not have this energy it is instead reflected

from the wall and back into the vacuum chamber [131, 132]. This leads to a large ratio of the

rotation to the ellipticity of the polarisation which is a unique signal of chameleon models.

For a chameleon with a potential V p�q “ p2.3 ˆ 10´3 eVq5{�, and assuming the coupling

to photons is the same as the coupling to other matter fields, the results of the PVLAS

experiment constrain M
c

“ M� ° 2 ˆ 106 GeV.

4.7.2 GammeV-CHASE

A second commonly used experimental design to look for axion-like particles, light-shining-

through-walls, also needs to be modified in order to search for chameleon particles. Experi-

ments searching for standard ALPs rely on the ability of ALPs to pass through walls which

are impermeable to photons. Light is shone into a cavity across which a magnetic field is

applied. A wall is then placed in this cavity, in the absence of ALPs no light would be seen
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In the presence of a magnetic field photons could convert to chameleons 
and of-course the chameleon convert back to photons. The ‘vacuum’ 
chamber acts as a trap for chameleons, unlike axions, which then get 

reflected back and forth by the mirrors, inducing rotation and elllipticity of 
the incoming laser beam. The PVLAS experiment allows us to constrain 

the coupling to photons.

Results constrain the 
rotation to be less than

and ellipticity less than

M� > 106GeVGiving Brax et al hep-ph/0703243;!
hep-ph/0707.2801
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FIG. 3: Predictions for rotation (left) and ellipticity (right) in the chameleon model as a function of M for Λ = 2.3 × 10−3 eV
and n = 1. Predictions for the 2.3 T PVLAS (L = 100 cm, d = 270 cm, ω = 1.2eV, B = 2.3T, ρgas = 2 × 10−14gcm−3 and
ϕ = π/4) and Q&A (L = 60 cm,d = 145 cm, ω = 1.2eV, B = 2.3T, ρgas = 8.5 × 10−9gcm−3 and ϕ = π/4) set-ups are shown.
The thin-dotted lines show the 95% confidence upper bounds on both the rotation and the ellipticity.
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FIG. 4: Predictions for rotation (left) and ellipticity (right) in the chameleon model as a function of M for Λ = 2.3 × 10−3 eV
and n = 1. Predictions for the B = 2.3 T and B = 5.5 T PVLAS (L = 100 cm, d = 270 cm, ω = 1.2 eV, ρgas = 2×10−14gcm−3

and ϕ = π/4) and BMV (L = 50 cm,d = 85 cm, ω = 1.2 eV, B = 11.5 T, ρgas ≈ 10−14gcm−3 and ϕ = π/4) set-ups are shown.
The thin-dotted lines show the 95% confidence upper bounds on both the rotation and the ellipticity.

PVLAS. Even though the BRFT and PVLAS set-ups use vacuums of similar quality, the smaller number of passes in
the BRFT experiment result in it placing a much weaker bound on the ellipticity per pass than the PVLAS bound.

B. Dependence of predictions on n

In Figures 2-4 we took n = 1. Theories with different values of n do, however, lead to different predictions. Figure
6 shows how the ellipticity and rotation predicted for the PVLAS set-up depend on n. We found above that if
X = m2

φ(d + L/2)/2ω≪ 1 and tan(∆r/2) ∼ O(1) then:

ψ ≈ −
B2L2N

16M2 tan(∆r(n)/2)
(1 + O(X)) ≈ N sin(∆)∆ϕ,

which depends on n only through ∆r(n) = πn/(n + 2). Thus for values of M such that X ≪ 1, which for PVLAS
roughly corresponds to M ≫ 106 GeV, both the ellipticity and rotation are therefore only very slightly dependent on



GammeV

Adapted from an axion experiment 
searching for ‘light shining through the wall’.

Experiment consists of shining laser light into a vacuum cavity in 
the presence of a magnetic field. If photons convert to chameleons 
then there will be a build up of chameleons in the cavity the longer 

the laser beam is on. The laser beam is turned off but not the 
magnetic field. In the presence of the magnetic field the 

chameleons should reconvert to photons, giving an ‘afterglow’. The 
absence of an observed afterglow constraints the chameleon 

coupling to photons to be 

M� > 107GeV

Afterglow experiment
Gies, Mota, Shaw 0710.1556;!

Ahlers et al 0710.1555;!
Steffen et al 1010.0988 



Particle Physics constraints

The  coupling to photons can be extended to couplings to standard model 
gauge bosons. One might expect to detect the effects of conversion of 
standard model particles into chameleons at the LHC, for example in 
Higgs production. Unfortunately the constraints are not competitive. 

Brax, Burrage et al


