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Dark Matter & Dark Energy Search

Planck 2013 results, arXiv:1303.5076

• galaxy rotation problem

• Supernova Ia

• cosmic microwave 
background (CMB)

experimental evidence for
Dark Matter (DM) and 
Dark Energy (DE)



First experiments:

• COW (1975):  
 
first observation of  
gravitational shift 
for neutrons

• Köster (1976): 
 
test equality of inertial and 
gravitational mass 
by scattering length measurements 

Neutrons & Gravity
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Verification of the equivalence of gravitational and inertial mass for the neutron

L. Koester
Physik-Department der Technischen Universitat 3funchen, Reaktorstation Garching, Munich, Germany

(Received 2 February 1976)
A comparison of neutron scattering lengths measured dependent on and independent of gravity leads to a
value y for the ratio of gravitational to inertial mass for the neutron. We obtained y = 1.00016+0.00025. This
means the first verification of the equivalence for the neutron with an uncertainty of only 1/4000.

I. INTRODUCTION

Very precise measurements of the gravitational
force have been performed only on bulk matter"'
and most recently on very massive bodies' . By
these experiments the principle of equivalence of
inertial and gravitational mass could be verified
within stringent limits of 2 parts in 10' . Further-
more, it has been shown that the gravity acceler-
ation is independent of the composition of matter
within one part in 10".' Thus it may be concluded
that neutrons and protons bound in nuclei experi-
ence the same gravitational acceleration within
about 10 "4g/g. On the other hand the behavior
of free particles, atoms, ' neutrons, ""'electrons, '
and photons" in the earth's gravitational field has
been studied with lower accuracy of about only
one part in 10' or 10'. Among the particles, the
neutron is best suited for a study of the gravitation-
al force in the "quantum limit"" since it may ex-
perience the gravity simultaneously while reacting
as a matter wave.
Thus, experiments with freely falling matter

waves may provide a direct proof of the statement
that the action of gravity does not affect the valid-
ity of the quantum physical laws for matter waves.
A verification of this fact includes also the verifi-
cation of the Einstein equivalence principle. On the
other hand, experiments with freely falling neu-
trons in the "classical" limit, without neutron re-
actions other than simple detection, are not suit-
able for verifying the equivalence.
In this note I will report on evaluations of exact

measurements of scattering length for slow neu-
trons which led to a direct verification of the
equivalence for the neutron in the quantum limit.

for the equality of inertial (m;) and passive gravi-
tational mass (m) for the neutron. A verification
of this equality with y =1 would confirm that the
universality of free fall implies the Einstein
equivalence principle since gz/g, =m/m, . Suitable
for this purpose are experiments which have been
performed to measure neutron scattering lengths
dependent on and independent of gravity. The
gravity-dependent measurements were made in the
neutron gravity ref ractometer. ' ' In this device
(see Fig. 1) very slow neutrons are reflected from
liquid mirrors after having fallen a distance h.
By the free fall they gain an energy mgfh in the
direction of gravity. If this energy equals the
potential energy of neutrons inside the mirror
substance (scattering length b, N atoms per cm')
the relation

m ain slit

K1 K3 K2 K5-„t0 9 0."or a ~
K4

beam axis

m g,h, = 2~5'm. -'Nb

is valid. h, denotes the critical height for total
reflection. Measurements of h, for liquid lead'
and previous experiments" on liquid bismuth
yielded values for the scattering length bf listed
in line 12 of Table I. These quantities were cal-
culated with effective values h,* for the critical
height of fall" according to

Nb& ——m, mg&h,*/2vh' = ym~ ,g,*h2/sv'.
The equivalence fa.ctor y = (m,./m)(gz/g, ) was taken
to be unity. If this assumption is not fulfilled,

II. METHOD AND RESULT

From the experimentally (with high accuracy)
confirmed principle of the universality of free
fall it follows that the gravitational accelerations
of the free neutron (gz) and of bulk matter, the
local value (g,), are equal. Thus, neutron ex-
periments which result in a value for the equi-
valence factor y = (m, /m)(gz/g, ) provide a test
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FIG. 1. Principle of the neutron gravity refractometer.
Kl, ... , Kg: slits and stopper for the neutron beam
(Ref. 8).
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Ultra/Very Cold Neutrons
UCN 
VCN!

Neutron: 
• no electric charge
• small polarisability

• nEDM

• total reflection for even  
big angles (VCN < 1°) 

• absorption !

UCN/VCN source:
PF2 at ILL
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� ⇠ 50nm Ekin ⇡ (50� 300)neV

(11.6± 1.5) · 10�4 fm3

/ 10�19↵
atom

|dn| < 2.9⇥ 10�26ecm

Baker, C. A., et al. (2006), Physical Review Letters, 97(13)
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UCNs in the gravity field

V.I. Luschikov and A.I. Frank, JETP Lett. 28 559 (1978) 
V. Nesvizhevsky et al., Nature, 415 297 (2002)



• Schrödinger eq. with linearized gravity potential

• bound, discrete states
• Non-equidistant energy levels
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Quantum Bouncer

1971,1974
Langhoff, Gibbs
The Quantum Bouncer

1978
Lushchikov, Frank
Quantum Bouncer with UCN

1992
Wallis et al.
Trapping Atoms in a Gravitational Cavity

2009
Della Valle et al.
Photon Bouncing Ball

2002
Nesvizhevsky, Abele et al.
Demonstation of UCN gravity states

P.W. Langhoff, Am. J. Phys. 39, 954 (1971)
R. Gibbs, American Journ. o. Phys. 43 25 (1975) 
V.I. Luschikov and A.I. Frank, JETP Lett. 28 559 (1978)

H. Wallis et al., Appl. Phys. B, 54 407 (1992) 
V. Nesvizhevsky et al., Nature, 415 297 (2002)
G. Della Valle et al., PRL, 102 (2009)
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qBounce: Timeline

2007-2009
Jenke et al.
qBouncer

2009
Jenke et al.
First Gravity Resonance Spectroscopy

2010, 2011
Jenke, GC et al.
Axion, Chameleon measurements

H. Filter
Neutron charge

2012
Cronenberg, TJ, HF, MT et al.
Full 3-part Rabi like setup

T. Jenke et al., NIM A 611 318 (2009)
H. Abele et. al., Nucl. Phys A827, 593c (2009)
V.I. Luschikov and A.I. Frank, JETP Lett. 28 559 (1978)
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FIG. 2: Proposed experimental setup. Region 1: Preparation in a specific quantum state, e.g. state one with polarizer. Region
2: Application of first π/2-flip. Region 3: Flight path with length L. Region 4: Application of second π/2-flip. Region 5: State
analyzer

of the Airy function, Ai(−ϵn) = 0, due to the boundary
condition ψn(0) = 0.

For zero electric charge of the neutron, the eigenen-
ergies of the quantum bouncer are

E(0)
n = ϵnmg z0(q = 0) , (11)

which gives for the lowest energy levels E(0)
1 = 1.41peV,

E(0)
2 = 2.46peV, E(0)

3 = 3.32peV. For nonzero electric
charge of the neutron the energies for the two different
field configurations are denoted by E±

n .

Fig. 1 shows the probabiltiy densitiy of the first and
third energy eigenstate (black lines) and the influence of
a hypothetical electric charge q of the neutron. The red
(blue) curves show the eigenfunctions in presence of an
electric field +Ez(−Ez) in the parallel (antiparallel) con-
figuration, calculated for a hypothetical neutron charge of
q = 5× 10−16 qe.

B. Ramsey’s Method of Separated Oscillating
Fields

Ramsey’s method [21], as described for neutrons in
the gravitational potential of the earth in Ref. [22], probes
the difference in energy shifts ∆E = ∆Eq − ∆Ep, with
∆En = E+

n −E−
n , between two levels p and q. We modify

this experimental setup of Ramsey’s resonance method
for neutron’s gravity states such that it is suitable for a
measurement of a hypothetical charge of the neutron. A
sketch of a modified setup to test neutron’s neutrality is
shown in Fig. 2.

To implement Ramsey’s method, one has to realize

1. a state selector or polarizer

2. a region, where one applies a π/2 pulse creating
the superposition of the two states, whose energy
difference should be measured,

3. a region, where the phase evolves,

4. a second region to read the relative phase by apply-
ing a second π/2 pulse, and finally

5. a state detector or analyzer.

In region 1, neutrons are prepared in a specific quan-
tum state |p⟩ in the gravity potential following the pro-
cedure demonstrated in [26]. Above a polished mirror a
rough absorbing scatterer is mounted which selects only
the ground state and absorbs or scatters out higher un-
wanted states, see [27].

In region 2 of length l, the first of two identical os-
cillators is installed. Here, transitions between quantum
states |p⟩ and |q⟩ are induced. The oscillator frequency at
resonance for a transition between states with energies Eq

and Ep is νpq = (Eq−Ep)/h which gives for the transition
|1⟩ → |3⟩ a frequency of ν13 = 461.9Hz. Driven at reso-
nance (ν = νpq), the oscillator brings the system into a
coherent superposition of the state |p⟩ and |q⟩; a π/2-pulse
creates an equal superposition. The oscillator system is re-
alized either by using oscillating magnetic gradient fields
or by vibrating mirrors where a modulation of the mirror
potential in height takes place.

In the intermediate region 3, a non-oscillating mirror
with a neutron flight path of L and flight time T follows.
It might be convenient to place a second mirror on top
of the bottom mirror at a certain height H . The mirrors
are rounded off and are coated with gold for electrical
conductivity. Field strengths of about 6 × 106V/m are
used.

In region 4, a second oscillator identical to region 2
in phase with the oscillator in region 2 is placed.
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• spin-mass coupling
• scalar-pseudoscalar coupling

Introduced to solve problem on CP-violation in strong 
interactions

Candidates for dark matter

Also search for Axion-like particles (ALPs)  

Axions

A motivation to search for an interaction involving gS gP is
given in Sec. 2. The influence of a short range spin-dependent
interaction on the observable R is explained and derived in
Sec. 3. Our result is compared to other current limits on the
product gS gP in Sec. 4.

2. Motivation

The investigation of CP violating processes is a major line of
research in particle physics. In contrast to the weak interaction,
there is so far no evidence that the strong interaction violates CP
symmetry. The non-observation of an nEDM at current sen-
sitivity levels constrains the CP violating term (θ-term) in the
Lagrangian of the strong interaction to be nine orders of magni-
tude smaller than naturally expected [7]. This fact is known as
the strong CP problem and a solution to it was proposed in [8],
where the spontaneously broken Peccei-Quinn symmetry was
introduced.
A new pseudoscalar boson emerges from this symmetry, the

axion [9, 10]. An intrinsic feature of the Peccei-Quinn model
is a fixed relation between mass and interaction strength of the
axion. The originally assumed symmetry breaking scale (corre-
sponding to the electroweak scale) was ruled out, leaving only
higher energy scales possible. For the axion one thus expects
a small mass and a feeble interaction with other particles. The
possible mass of the axion is constrained by cosmology and
astro-particle physics measurements to the so-called axion win-
dow [11].
A short range spin-dependent interaction which could be me-

diated by an axion was proposed in [12]. There, three classes
of interactions were presented, involving either g2S -, gS gP-, or
g2P-couplings, whereas gS gP-couplings are considered of partic-
ular interest, since they violate CP symmetry. A gS gP-coupling
diagram is shown in Fig. 1 (a) and takes place between an un-
polarized particle Ψ (where unpolarized means randomly po-
larized with respect to any quantization axis) and a polarized
particle Φ⋄. The symbol ⋄ is used to denote properties of the
particle interacting at the pseudoscalar vertex with a strength
proportional to the coupling constant g⋄P of the particle Φ⋄. The
potential caused by such a gS g⋄P-coupling between an unpolar-
ized particle and a polarized particle with mass m⋄ and spin σ⋄
is derived as [12]:

V(r) = gS g⋄P
(!c)2

8πm⋄c2
(σ̂⋄ · r̂)

(

1
rλ
+
1
r2

)

e−r/λ, (2)

where σ̂⋄ is the unit vector of the spin, r̂ is the unit vector along
the distance r between the particles, and λ the interaction range.
The product (σ̂⋄ · r̂) also violates parity P and time reversal
symmetry T.
gS gP-couplings can also be mediated by other hypothetical

spin-zero particles which are generic to the axion and usually
referred to as axion-like particles. However, for these generic
bosons no relation between mass and interaction strength is
given, as compared to the genuine axion. The origin of such
particles can be symmetries other than Peccei-Quinn symme-
try, which are broken at very high energies and often postulated

in theories beyond the Standard Model of particle physics, such
as e.g. String Theory. Thus, both axions and axion-like parti-
cles, are intriguing dark matter candidates and beyond Standard
Model physics probes [13, 14, 15].
However, due to the non-observation of the nEDM a short

range spin-dependent interaction mediated by an axion is con-
strained to gS gP < 10−40...10−34 [16]. On the other hand, if
the force is mediated by an axion-like particle, gS and gP are
not related to a specific symmetry breaking scale. Thus, no sig-
nificant constraint (i.e. comparable to experimental sensitivity
ranges) on gS gP can be deduced from current EDM limits [16]
for the case of a generic boson being the interaction mediator.
Our measurement with ultracold neutrons is particularly sen-

sitive to axion-like particles with a mass in the range of roughly
10meV to 100meV coupling to fermions. It also matches the
mass range targeted by helioscopes such as CAST [17] which
would be sensitive to axion-like particles coupling to photons.

Figure 1: (a) Interaction diagram of a scalar-pseudoscalar coupling between
particles Ψ and Φ⋄. Ψ is unpolarized and interacts at the scalar vertex with the
coupling constant gS , whereas Φ⋄ is polarized and interacts at the pseudoscalar
vertex with the coupling constant g⋄P. The total interaction strength is propor-
tional to the product gS g⋄P. (b) A polarized neutron n with spin σ interacts with
an unpolarized nucleon N at distance r within bulk matter shaped as a plate of
thickness d. A view of the ϱ-z plane in a cylindrical coordinate system (ϱ, φ, z)
is shown.

3. The measurement with the nEDM apparatus

Spin-polarized ultracold neutrons of energies below 150neV
are confined in a cylindrical storage chamber with vertical axis,
height H=12 cm, and inner diameter ø=47 cm at the center of
the nEDM apparatus. A vertical magnetic holding field of
∼1 µT is applied. The UCN spins precess for 180 s and the
precession frequency is inferred using Ramsey’s method [2].
The spins of polarized 199Hg atoms precess simultaneously in
the same volume allowing to correct the Larmor precession fre-
quency of the neutrons for magnetic field fluctuations.
We search for a signature of a spin-dependent interaction be-

tween polarized particles inside the storage chamber and the
unpolarized wall of this chamber. This interaction can be de-
scribed by the potential of Eq. 2 and an example is shown
in Fig. 1 (b). Integrating the interaction over all the nucleons
present in uniform bulk matter results in an effective field nor-
mal to the surface.
Since the potential is spin-dependent, it can also be regarded

as a pseudomagnetic field b which can affect the Larmor fre-
quency of precessing spins. For a symmetric setup with iden-
tical material for the bottom and top of the storage vessel, the
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A motivation to search for an interaction involving gS gP is
given in Sec. 2. The influence of a short range spin-dependent
interaction on the observable R is explained and derived in
Sec. 3. Our result is compared to other current limits on the
product gS gP in Sec. 4.

2. Motivation

The investigation of CP violating processes is a major line of
research in particle physics. In contrast to the weak interaction,
there is so far no evidence that the strong interaction violates CP
symmetry. The non-observation of an nEDM at current sen-
sitivity levels constrains the CP violating term (θ-term) in the
Lagrangian of the strong interaction to be nine orders of magni-
tude smaller than naturally expected [7]. This fact is known as
the strong CP problem and a solution to it was proposed in [8],
where the spontaneously broken Peccei-Quinn symmetry was
introduced.
A new pseudoscalar boson emerges from this symmetry, the

axion [9, 10]. An intrinsic feature of the Peccei-Quinn model
is a fixed relation between mass and interaction strength of the
axion. The originally assumed symmetry breaking scale (corre-
sponding to the electroweak scale) was ruled out, leaving only
higher energy scales possible. For the axion one thus expects
a small mass and a feeble interaction with other particles. The
possible mass of the axion is constrained by cosmology and
astro-particle physics measurements to the so-called axion win-
dow [11].
A short range spin-dependent interaction which could be me-

diated by an axion was proposed in [12]. There, three classes
of interactions were presented, involving either g2S -, gS gP-, or
g2P-couplings, whereas gS gP-couplings are considered of partic-
ular interest, since they violate CP symmetry. A gS gP-coupling
diagram is shown in Fig. 1 (a) and takes place between an un-
polarized particle Ψ (where unpolarized means randomly po-
larized with respect to any quantization axis) and a polarized
particle Φ⋄. The symbol ⋄ is used to denote properties of the
particle interacting at the pseudoscalar vertex with a strength
proportional to the coupling constant g⋄P of the particle Φ⋄. The
potential caused by such a gS g⋄P-coupling between an unpolar-
ized particle and a polarized particle with mass m⋄ and spin σ⋄
is derived as [12]:

V(r) = gS g⋄P
(!c)2

8πm⋄c2
(σ̂⋄ · r̂)

(

1
rλ
+
1
r2

)

e−r/λ, (2)

where σ̂⋄ is the unit vector of the spin, r̂ is the unit vector along
the distance r between the particles, and λ the interaction range.
The product (σ̂⋄ · r̂) also violates parity P and time reversal
symmetry T.
gS gP-couplings can also be mediated by other hypothetical

spin-zero particles which are generic to the axion and usually
referred to as axion-like particles. However, for these generic
bosons no relation between mass and interaction strength is
given, as compared to the genuine axion. The origin of such
particles can be symmetries other than Peccei-Quinn symme-
try, which are broken at very high energies and often postulated

in theories beyond the Standard Model of particle physics, such
as e.g. String Theory. Thus, both axions and axion-like parti-
cles, are intriguing dark matter candidates and beyond Standard
Model physics probes [13, 14, 15].
However, due to the non-observation of the nEDM a short

range spin-dependent interaction mediated by an axion is con-
strained to gS gP < 10−40...10−34 [16]. On the other hand, if
the force is mediated by an axion-like particle, gS and gP are
not related to a specific symmetry breaking scale. Thus, no sig-
nificant constraint (i.e. comparable to experimental sensitivity
ranges) on gS gP can be deduced from current EDM limits [16]
for the case of a generic boson being the interaction mediator.
Our measurement with ultracold neutrons is particularly sen-

sitive to axion-like particles with a mass in the range of roughly
10meV to 100meV coupling to fermions. It also matches the
mass range targeted by helioscopes such as CAST [17] which
would be sensitive to axion-like particles coupling to photons.

Figure 1: (a) Interaction diagram of a scalar-pseudoscalar coupling between
particles Ψ and Φ⋄. Ψ is unpolarized and interacts at the scalar vertex with the
coupling constant gS , whereas Φ⋄ is polarized and interacts at the pseudoscalar
vertex with the coupling constant g⋄P. The total interaction strength is propor-
tional to the product gS g⋄P. (b) A polarized neutron n with spin σ interacts with
an unpolarized nucleon N at distance r within bulk matter shaped as a plate of
thickness d. A view of the ϱ-z plane in a cylindrical coordinate system (ϱ, φ, z)
is shown.

3. The measurement with the nEDM apparatus

Spin-polarized ultracold neutrons of energies below 150neV
are confined in a cylindrical storage chamber with vertical axis,
height H=12 cm, and inner diameter ø=47 cm at the center of
the nEDM apparatus. A vertical magnetic holding field of
∼1 µT is applied. The UCN spins precess for 180 s and the
precession frequency is inferred using Ramsey’s method [2].
The spins of polarized 199Hg atoms precess simultaneously in
the same volume allowing to correct the Larmor precession fre-
quency of the neutrons for magnetic field fluctuations.
We search for a signature of a spin-dependent interaction be-

tween polarized particles inside the storage chamber and the
unpolarized wall of this chamber. This interaction can be de-
scribed by the potential of Eq. 2 and an example is shown
in Fig. 1 (b). Integrating the interaction over all the nucleons
present in uniform bulk matter results in an effective field nor-
mal to the surface.
Since the potential is spin-dependent, it can also be regarded

as a pseudomagnetic field b which can affect the Larmor fre-
quency of precessing spins. For a symmetric setup with iden-
tical material for the bottom and top of the storage vessel, the
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Coriolis force are well below 10−17 eV. In contrast to other
neutral test particles such as atoms, neutrons possess an
extremely small polarizability. Systematic effects due to
van der Waals and Casimir forces are strongly suppressed
to below the 10−28 eV level.
With this remarkable level of control, the present

experimental results allow us to search for any new kind
of hypothetical gravitylike interaction at micron distances.
At this natural length scale of the quantum states, the
experiment is most sensitive (see Fig. 1, left).
First, we address dark energy as a realization of

quintessence theories with direct coupling to matter. A
particularly appealing realization is the so-called chame-
leon scenario [21–24], where a combination of the potential
VðΦ; nÞ of a scalar field Φ and a coupling β to matter
together with model parameter n leads to the existence of
an effective potential Veff for the scalar field quanta, which
depends on the local mass density ρ of the environment

Veff ¼ VðΦ; nÞ þ eβΦ=MPl
0
ρ: (3)

Here, MPl
0 corresponds to the reduced Planck mass. Our

method directly tests the chameleon-matter interaction and
does not rely on the existence of a chameleon-photon-
interaction as other experiments do [25].
The chameleon field potential for our setup is derived in

Ref. [26]. This result was obtained for the case of an ideal
vacuum (ρ ¼ 0) but remains valid at room temperature
and vacuum pressure of 10−4mbar. We calculate bounds
on the coupling constant β by comparing the transition
frequencies with their theoretical values, which are propor-
tional to the matrix elements νkj − νtheokj ∼ βðhkjΦjki−
hjjΦjjiÞ. In the corresponding data analysis, the fit
parameter for Earth’s acceleration was fixed at the local
value g ¼ 9.805 m=s2, while all other parameters were
varied. The extracted confidence intervals for limits on the
parameters β and n are given in Fig. 3. The experiment is
most sensitive at 2 ≤ n ≤ 4 (visible only on a linear scale

of Fig. 3), where a chameleon interaction is excluded for
β > 5.8 × 108 (95% C.L.).
The present limit is 5 orders of magnitude lower than the

upper bound from precision tests of atomic spectra [27].
The parameter space is restricted from both sides, as other
experiments provide a lower bound of β < 10 at n < 2
[27,28]. In the future, an improvement of 7 orders of
magnitude would, thus, be necessary to exclude the full
parameter space for chameleon fields for small n.
Second, we perform a direct search for dark matter. It

relies on the notion that very light bosons could be detected
through the macroscopic forces they mediate. The latter
would manifest themselves through a deviation from
Newton’s law at short distances, exactly in the range of
the experiment. Here, we search for particles that mediate a
spin-dependent force, in particular, axions. An axion would
mediate a CP-violating interaction between the neutron
spin ðℏ=2Þ~σ and a nucleon with mass mM at distance
r ¼ j~rj [7]

Vð~rÞ ¼ ℏ2gsgp
~σ · ~r

8πmMr

!
1

λr
þ 1

r2

"
e−r=λ. (4)

We measure the dependence of the resonance frequencies
on the neutron spin. The experiment is, therefore, slightly
modified: a homogeneous magnetic guide field of 100 μT
preserves the neutron spin throughout the experiment.
The neutron spin polarization is analyzed by our modified
detector described above. A hypothetical spin-dependent
force would change the transition frequencies. This shift is
obtained by reversing the direction of both the applied guide
field as well as the detector field and by measuring the
difference in the count rates at the two steep slopes of
the three-level resonance j1i↔j2i↔j3i. We do not observe
any significant frequency shift. A fit of the strength gsgp
and range λ together with all other parameters leads
(at 95% C.L.) to an upper limit on the axion interaction
strength as shown in Fig. 4. For example, at λ ¼ 20 μm, an
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FIG. 3 (color online). Exclusion plot for chameleon fields
(95% confidence level). Our newly derived limits (solid line)
are 5 orders of magnitude lower than the upper bound from
precision tests of atomic spectra (dot-dashed line) [27]. Pendulum
experiments [28] provide a lower bound (dashed line).
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FIG. 4 (color online). Limits on the pseudoscalar coupling of
axions (95% confidence level). Our limit for a repulsive (attrac-
tive) coupling is shown in a solid (dashed) line marked with
Aþ ðA−Þ. The limits are a factor of 30 more precise than the
previous ones derived from a direct measurement at the micron
length scale [29] derived from our previous experiment with
UCN marked B [13,14].
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• Dark energy candidate
• mechanism suppresses in vicinity of masses#

massless scalar field, hidden at laboratory scales
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Coriolis force are well below 10−17 eV. In contrast to other
neutral test particles such as atoms, neutrons possess an
extremely small polarizability. Systematic effects due to
van der Waals and Casimir forces are strongly suppressed
to below the 10−28 eV level.
With this remarkable level of control, the present

experimental results allow us to search for any new kind
of hypothetical gravitylike interaction at micron distances.
At this natural length scale of the quantum states, the
experiment is most sensitive (see Fig. 1, left).
First, we address dark energy as a realization of

quintessence theories with direct coupling to matter. A
particularly appealing realization is the so-called chame-
leon scenario [21–24], where a combination of the potential
VðΦ; nÞ of a scalar field Φ and a coupling β to matter
together with model parameter n leads to the existence of
an effective potential Veff for the scalar field quanta, which
depends on the local mass density ρ of the environment

Veff ¼ VðΦ; nÞ þ eβΦ=MPl
0
ρ: (3)

Here, MPl
0 corresponds to the reduced Planck mass. Our

method directly tests the chameleon-matter interaction and
does not rely on the existence of a chameleon-photon-
interaction as other experiments do [25].
The chameleon field potential for our setup is derived in

Ref. [26]. This result was obtained for the case of an ideal
vacuum (ρ ¼ 0) but remains valid at room temperature
and vacuum pressure of 10−4mbar. We calculate bounds
on the coupling constant β by comparing the transition
frequencies with their theoretical values, which are propor-
tional to the matrix elements νkj − νtheokj ∼ βðhkjΦjki−
hjjΦjjiÞ. In the corresponding data analysis, the fit
parameter for Earth’s acceleration was fixed at the local
value g ¼ 9.805 m=s2, while all other parameters were
varied. The extracted confidence intervals for limits on the
parameters β and n are given in Fig. 3. The experiment is
most sensitive at 2 ≤ n ≤ 4 (visible only on a linear scale

of Fig. 3), where a chameleon interaction is excluded for
β > 5.8 × 108 (95% C.L.).
The present limit is 5 orders of magnitude lower than the

upper bound from precision tests of atomic spectra [27].
The parameter space is restricted from both sides, as other
experiments provide a lower bound of β < 10 at n < 2
[27,28]. In the future, an improvement of 7 orders of
magnitude would, thus, be necessary to exclude the full
parameter space for chameleon fields for small n.
Second, we perform a direct search for dark matter. It

relies on the notion that very light bosons could be detected
through the macroscopic forces they mediate. The latter
would manifest themselves through a deviation from
Newton’s law at short distances, exactly in the range of
the experiment. Here, we search for particles that mediate a
spin-dependent force, in particular, axions. An axion would
mediate a CP-violating interaction between the neutron
spin ðℏ=2Þ~σ and a nucleon with mass mM at distance
r ¼ j~rj [7]
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~σ · ~r
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We measure the dependence of the resonance frequencies
on the neutron spin. The experiment is, therefore, slightly
modified: a homogeneous magnetic guide field of 100 μT
preserves the neutron spin throughout the experiment.
The neutron spin polarization is analyzed by our modified
detector described above. A hypothetical spin-dependent
force would change the transition frequencies. This shift is
obtained by reversing the direction of both the applied guide
field as well as the detector field and by measuring the
difference in the count rates at the two steep slopes of
the three-level resonance j1i↔j2i↔j3i. We do not observe
any significant frequency shift. A fit of the strength gsgp
and range λ together with all other parameters leads
(at 95% C.L.) to an upper limit on the axion interaction
strength as shown in Fig. 4. For example, at λ ¼ 20 μm, an
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FIG. 3 (color online). Exclusion plot for chameleon fields
(95% confidence level). Our newly derived limits (solid line)
are 5 orders of magnitude lower than the upper bound from
precision tests of atomic spectra (dot-dashed line) [27]. Pendulum
experiments [28] provide a lower bound (dashed line).
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FIG. 4 (color online). Limits on the pseudoscalar coupling of
axions (95% confidence level). Our limit for a repulsive (attrac-
tive) coupling is shown in a solid (dashed) line marked with
Aþ ðA−Þ. The limits are a factor of 30 more precise than the
previous ones derived from a direct measurement at the micron
length scale [29] derived from our previous experiment with
UCN marked B [13,14].
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very cold neutrons    10 nm, 40 m/s
in realization by Filter, Masahiro, Oda et al.
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interferometric setup 
S18 at ILL
realized by Th. Potocar / 
T. Jenke & collaborators

neutrons wavelength

• spacial profile measured
• density dependence

Slow neutrons
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neutron beam as shown in Fig 4. We will assume that the
transverse dimension of the cell is infinite and denote the
distance between the plates by 2R. For numerical studies
we will set 2R ¼ 1 cm as in the experiment performed at
NIST [13]. When the cell is filled by no gas, i.e. in vacuum,
a chameleon bubblelike profile ’ðxÞ, $R< x < R, will
appear in the cell, inducing the potential !m=MPl’ðxÞ
for the neutrons. One can then show (see e.g. [14]) that
the phase shift due to the chameleon bubble is given by

"# ¼ m

kℏ2

Z R

$R
!

m

MPl
’ðxÞdx: (11)

We will calculate the chameleon bubble integralR
’ðxÞdx and show that it can be suppressed when intro-

ducing a gas at moderate pressure in the sample cell. The
chameleon profile ’ðxÞ in the sample cell satisfies the 1D
chameleon equation,

d2’

dx2
¼ V 0ð’Þ þ !

MPl
$; (12)

where $ is the mass density of the gas inside the sample
cell. We will assume the boundary condition ’ð$RÞ ¼
’ðRÞ ¼ 0, which proves to be valid when ’c & ’0 where
’c is the field value inside the plate bulk and ’0 ¼ ’ð0Þ is
the maximum of the field in the sample cell.

The problem in the case of perfect vacuum in the cell
$ ¼ 0 has been addressed in [15]. They found an analytical
form for the chameleon field profile:

’ðxÞ ¼ !ðR!Þ2=nþ2

!
nþ 2

2
ffiffiffi
2

p ½1$ ðz=RÞ2(
#
2=nþ2

(13)

which is exact for n ¼ 2 and valid with an accuracy better
than 4% for n > 2. We plot the vacuum solution (13) in
Fig. 5 in the case 2R ¼ 1 cm. It is apparent that the
chameleon field forms bubbles in vacuum. We have also

represented the field profile in 2D obtained numerically in
Fig. 6 when the transverse dimension of the chamber is
finite. We find that bubbles still form in this geometry.
Let us now elaborate in the case $> 0. First we trans-

form Eq. (12) into

dz

d’
¼ 1ffiffiffi

2
p

!
Vð’Þ $ Vð’0Þ þ

!$

MPl
ð’$ ’0Þ

#$1=2
: (14)

The maximum’0 can be calculated by the implicit relation

Z ’0

0

dz

d’
d’ ¼ R: (15)

Then one can evaluate the bubble integral

Z R

$R
’ðxÞdx ¼ 2

Z ’0

0
’

dz

d’
d’

¼
ffiffiffi
2

p Z ’0

0

’d’
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Vð’Þ $ Vð’0Þ þ !$

MPl
ð’$ ’0Þ

q :

(16)

Let us now apply these results to the case of the Ratra-
Peebles potential for chameleons (2). We define

Knð%Þ ¼
Z 1

0

u1þn=2du
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1$ un þ n%unðu$ 1Þ

p ; (17)

Jnð%Þ ¼
Z 1

0

un=2du
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1$ un þ n%unðu$ 1Þ

p : (18)

Furthermore with y0 ¼ ’0=!, Eq. (15) becomes

ffiffiffi
2

p
R! ¼ yn=2þ1

0 Jn

!
!$

MPl!
3

ynþ1
0

n

#
: (19)

x [cm]
-0.5 0 0.5

Λ
(x

) /
 

Φ

0

2

4

6

8

10

12

14

16
n = 1
n = 2
n = 4
n = 6

FIG. 5 (color online). Chameleon bubble profile in vacuum
between two plates separated by a distance of 1 cm.
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FIG. 6 (color online). The chameleon profile ’=! in 2D in a
square box calculated for n ¼ 2.
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