arXiv:1010.5108v1 [hep-ph] 25 Oct 2010

DESY 10-156

Atomic Precision Tests and Light Scalar Couplings

Philippe Brax^1 and Clare Burrage^2

1 Institut de Physique Théorique, CEA, IPhT, CNRS, URA2306, F-91191 Gif-sur-Yvette cédex, France

2 Départment de Physique Théorique, Université de Genève, 24 Quai E. Ansermet, CH-1211, Genève, Switzerland Theory Group, Deutsches Elektronen-Synchrotron DESY, D-22603, Hamburg, Germany

E-mail: philippe.brax@cea.fr, clare.burrage@unige.ch

Abstract. We calculate the shift in the atomic energy levels induced by the presence of a scalar field which couples to matter and photons. We find that a combination of atomic measurements can be used to probe both these couplings independently. A new and stringent bound on the matter coupling springs from the precise measurement of the 1s to 2s energy level difference in the hydrogen atom, while the coupling to photons is essentially constrained by the Lamb shift. Combining these constraints with current particle physics bounds we find that the contribution of a scalar field to the recently claimed discrepancy in the proton radius measured using electronic and muonic atoms is negligible.

1. Introduction

Scalar fields coupled to matter occur in a wide variety of fundamental contexts: the inflationary scalar field should couple to matter in order to reheat the universe, and such a coupling seems likely to exist for the dark energy scalar field too. Indeed most attempts at modifying gravity, or unifying it with particle physics, predict new scalars coupling to the standard model particles in the form of non-renormalisable interactions that are suppressed by the energy scale characteristic of the energies probed by the model. For example many coupled scalars are present in the four dimensional effective theories arising from compactifying the extra dimensions of string theory [1, 2, 3].

It is well known that light canonical scalar fields which couple to matter are tightly constrained by experimental searches for fifth forces and violations of the equivalence principle [4], although non-linear effects such as in the chameleon [5, 6], or Galileon [7] cases allow the fields to easily avoid these constraints through dynamical mechanisms. In this article we do not restrict ourselves to light fields, specifying only that the field should not be so heavy that its mass would lie above the cutoff of the low energy effective field theory we wish to study. These will be predominately atomic experiments for which we study an effective field theory valid up to a cut off high enough to include effects from the standard model of particle physics. Therefore we consider the effects of scalars with masses ≲ TeV for which only scalars with mass ≲ 10^{−5} eV would violate experimental bounds on the existence of fifth forces.

The phenomenology of such fields is not restricted to their effects in gravitational experiments. The minimal scenario we consider is that the scalar field couples to matter conformally, i.e. through a scalar field dependent conformal rescaling of the metric. Classically a conformal coupling means that the scalar field couples to fermions but not to massless bosons such as the photon. It was shown in [8, 9] however that, given a conformal coupling, quantum effects lead to a coupling between photons and scalars in the low energy effective theory. As already mentioned, in this article we focus our attention on low energy atomic experiments which we consider to be described by low effective theories with a cut off ∼ TeV. We include a coupling of the scalar field to photons as a generic property of the low energy theory.

It is also possible to study the effects of coupled scalar fields both in particle colliders and in low energy, high precision experiments. If the scalar couples to photons it has a phenomenology similar to the Peccei-Quinn axion, in particular oscillations between photons and scalars can occur in the presence of magnetic fields [10]. Much effort has gone into exploring the consequences of such couplings both in the laboratory [11, 12, 13, 14, 15, 16, 17] and in astrophysics [18, 19, 20, 21, 22, 23, 24, 25]. A scalar field coupled to the fields of the standard model has also direct effects on the properties of these particles - making the masses of elementary particles, and other energy scales of the theory, become dependent on the scalar field. Consequently the Hamiltonian describing the low energy behaviour of any fermion becomes scalar field dependent. Previously [26] we have shown that this leads to electrons transitioning between energy levels in atoms in the presence of a background scalar condensate. This gives rise to new possibilities of searching for scalar fields via scalar field stimulated photon emission. In this paper we show that the presence of a scalar will also perturb the energy levels of atoms leading to new constraints on coupled scalar fields from precision atomic measurements.

The scalar field induced shift in energy levels can be constrained by measurements of the energy gap between the 1s and 2s orbitals of the hydrogen atom. A second consequence of the shifts in energy levels is a scalar field dependent change in the Lamb shift: the small difference in energy between the 2s and 2p energy levels of hydrogen caused by the interaction between the electron and the background [27]. We will show that the scalar field dependence of the Lamb shift, induced by a coupling between fermions and the scalar field, will lead to different values of the proton charge radius when measured with muons and with electrons. Comparison of properties of electronic and muonic atoms will be shown to be a sensitive probe of the existence of new scalar fields. The recently proposed existence of a possible 5σ discrepancy between the proton charge radius‡ measured recently from the Lamb shift in muonic hydrogen (an atom formed by a proton and a negative muon), compared to that inferred previously from hydrogen atom spectroscopy, will lead to a new constraint on scalar couplings, i.e. an upper bound on the geometrical mean of the couplings to matter and photons.

Scalar fields are not the only new physics that can modify atomic spectra. The presence of additional, hidden sector, U(1) gauge groups also give rise to a change in the Lamb shift [28, 29], as well as modifications of Coulomb’s law which can be tested through atomic measurements.

In the following section, we recall standard properties of coupled scalars. In section 3, we calculate the effect of a scalar field on the atomic levels, with particular focus on the energy level difference between the 1s and 2s states of the hydrogen atom and the Lamb shift. The 1s to 2s energy difference leads to a new and stringent upper bound on the coupling of scalars to matter and the Lamb shift leads to a looser upper bound on the geometrical mean of the photon and matter couplings. We then combine these atomic constraints with those obtained from high energy particle physics experiments. We find that the upper bound on the matter coupling obtained from the 1s to 2s gap is stronger than the particle physics bounds. On the other hand the constraint on the coupling to photons deduced from the width of the Z boson and electroweak precision tests is more restrictive than atomic physics bounds. We then apply these results to the proton charge radius discrepancy and find that it is incompatible with the Z width bound on the coupling of scalars to gauge fields. Hence scalar fields cannot provide an explanation to the proton radius anomaly. We conclude in section 4.

‡ Effects of the finite size of the proton are relevant for s-states, because the wave function does not vanish at the location of the proton, whereas p-states remain unaffected, and so the difference in energy between the 2s and 2p energy levels is sensitive to the dimensions of the proton. Muonic hydrogen is more sensitive to this effect than electronic hydrogen because the heavier mass of the muon corresponds to a much smaller Bohr radius.

2. Coupled Scalar Fields

We consider a scalar-tensor theory defined by the Lagrangian S = ∫ d^4x √ −g ( R 2κ^2_4 − 1 2 (∂ϕ)^2 − V (ϕ) ) + L_m(Ψ_i, A^2(ϕ)g_{μν} ), (1)

where the matter fields Ψ_i feel a metric g̃_{μν} = A^2(ϕ)g_{μν} . It is possible to allow the scalar to couple differently to different particle species [9], however we restrict ourselves here to a universal coupling which captures all the relevant phenomenology. Equation (1) is known as the Einstein action for a coupled scalar field, a conformal rescaling allows a classically equivalent description of the theory in which particle properties are independent of the scalar field, but the gravitational sector of the theory becomes scalar dependent, known as the Jordan frame description. For computational convenience we work in the Einstein frame in what follows. We consider that the Einstein frame theory (1) is an effective field theory valid up to an energy cut off and that couplings given by non-renormalisable operators are suppressed by powers of the cut off scale.

In a non-relativistic background the Klein-Gordon equation for the scalar field arising from (1) is modified and becomes

D^2ϕ = ∂V ∂ϕ + A(ϕ)ρ, (2) where ρ is the classical energy density. The dynamics of the field ϕ are determined by the effective potential

V_{eff} (ϕ) = V (ϕ) + ρA(ϕ). (3)

We assume that this effective potential has a minimum at ϕ = ϕ_0 so that the field is stabilised.

In addition to the terms in Equation (1) quantum effects will generate [8, 9] a term which describes the coupling of the scalar field to photons

L_γ = ϕ 2M_γ F^{μν} F_{μν} = ϕ M_γ (E^2 − B^2), (4)

where F_{μν} is the electromagnetic field tensor, and E and B are the electric and magnetic fields respectively. This contributes to the scalar field effective potential in a similar manner to the background matter energy density giving

V_{eff} (ϕ) = V (ϕ) + ρA(ϕ) + ϕ M_γ (B^2 − E^2). (5)

From this point onwards we assume that ϕ_0 minimises the effective potential including the background contributions from the electric and magnetic fields.

In a homogeneous background the scalar field can be expanded about its minimum value ϕ_0

A(ϕ) = A(ϕ_0) ( 1 + A^′(ϕ_0) A(ϕ_0) δϕ + . . . ) , (6) where δϕ is the fluctuation induced by the presence of a matter source. We assume that higher order terms in this expression are small and can be consistently neglected. We can write the coefficient of the second term as an inverse energy scale A^′(ϕ_0) A(ϕ_0) = 1 M_m . (7)

We view (1) as a low energy energy effective theory, and therefore expect M_m and M_γ to be of the order of the cut off scale of the theory in the relevant energy range as it will be sensitive to fields that have been integrated out at higher energy. We will be interested in an effective low energy theory describing a muon, or an electron in the background of a hydrogen nucleus, therefore we expect M_m, M_γ ≳ GeV, larger than the muon and proton masses. Particle physics effects at accelerators and therefore the effective theory involving W bosons would require the coupling to ϕ to be determined by a cut-off scale larger than the mass of the W boson. Constraints from particle physics impose that M_m and M_γ should be at least in the TeV and M_Z ranges respectively [30].

It has been recently argued [31] that the coupling of scalars to matter in scalartensor theories is preserved under renormalisation and that the only effect of quantum corrections is to induce a change due to the wave function renormalisation of the scalar field. When integrating out momenta to a obtain the effective scalar theory valid at a lower energy scale, radiative corrections in the scalar sector imply that the wave function renormalisation Z_ϕ should be affected by logarithmic terms and therefore

ϕ_{low} = Z_ϕϕ_{high} (8)

where ϕ_{low} is the normalised field after integration over momenta between the low energy and the high energy cut off. This leads to a direct relation between the coupling scale to matter at low and high energies

M^{low}_m =

M^{high}_m Z_ϕ (9) Logarithmic corrections do not entail a large scale dependence of the coupling scale M_m.

Within the effective field theory approach used in this paper, the various coupling scales are just an effective parametrisation which needs to be deduced from experiment. In the absence of an underlying theory going beyond the standard model coupled to scalars, we have simply given a useful parametrisation of the scalar-matter coupling and its phenomenological consequences in atomic physics.

The coupling of the scalar field to fermions implies that the fermion masses m_f become scalar field dependent:

m_f (ϕ) = A(ϕ)m_{f0}, (10)

where m_0 is the bare mass as it appears in the Lagrangian. Again expanding around the background value of the scalar field we find

m_f (ϕ) = m_f ( 1 + δϕ M_m ) . (11)

We assume that the higher order terms in this expression can be consistently neglected, and we have normalized A(ϕ_0) = 1. Notice that, viewed as a low energy operator the fermionic mass term m_f (ϕ)ψ̄ψ is a non renormalisable effective interaction term. When truncating this interaction to first order in ϕ it reduces to an effective Yukawa interaction with a coupling m_f /M_m which must be small as the lepton of mass m_f has not been integrated out.

3. Atomic Energy Shifts

In and around atoms the scalar field perturbation is sourced by the presence of the nuclear electric field E = Zer 4πr^3 , (12)

implying a perturbation to the effective potential (4) δV = −ϕ Z^2α 4πM_γ r^4

, (13)

and by the point-like density of the atomic nucleus, δρ = m_N δ^{(3)}, centrered at the origin and depending on the nuclear mass m_N . In spherical coordinates, the static scalar field perturbation then satisfies d^2δϕ dr^2 + 2 r dδϕ dr = − E^2 M_γ + m_N M_m δ^{(3)}, (14)

where we have neglected the scalar mass term. This approximation is valid as long as the range of the scalar force 1/m_ϕ is larger than the size of the atom, implying that m_ϕ must be smaller than 10^4 eV. The solution which vanishes far away from the nucleus is δϕ = − m_N 4πM_mr − Z^2α 8πM_γ r^2

. (15)

The sign of the scalar wave function is crucial as it leads to a negative contribution to the energy levels. Notice that, except extremely close to the nucleus, the first contribution dominates over the second one. For example, for a hydrogen atom the first term dominates when r > 10^{−8}(M_m/M_γ )a_0, with a_0 the Bohr radius. However we retain the second term as we will find that the Lamb shift is independent of the scalar field perturbation due to the mass of the nucleus.

At low energy, and in the non relativistic limit, the fermion wave function satisfies a Schrodinger equation with the interaction Hamiltonian given by [26] H = p^2 2m + W + m − 1 2mM_m ( δϕp^2 + (σ · p)δϕ(σ · p) ) + m M_m δϕ, (16) where m is the unperturbed fermion mass and W is a potential describing the interactions of the fermion with all the other fields in the theory. An order of magnitude estimate shows that the dominant perturbation due to the scalar field is δH = m M_m δϕ (17)

We consider the effect of the scalar field on the l = 1 and l = 2 energy levels of a hydrogenic atom with nuclear charge Ze. The wave functions for these states are (in spherical polar coordinates)

ψ_{1s} = 1 √ π ( Z a_0 )_{3/2} e^{−Zr/a0} , (18) ψ_{2p} = 1 √ π ( Z 2a_0 )_{5/2} e^{−Zr/2a0} r cos θ, (19) ψ_{2s} = 1 4 √ 2π ( Z a_0

)_{3/2} ( 2 − Zr a_0 ) e^{−Zr/2a0} , (20) where a_0 = ℏ/m_f cα is the Bohr radius, with m_f the mass of the fermion in the orbital, c the speed of light, and α the fine structure constant. The corresponding energy levels are shifted by the effects of the scalar field, δE_{1s} = − Zm_N 4πM^2_ma_0 m − Z^4α 4πa^2_0M_mM_γ m, (21) δE_{2s} = − Zm_N 16πM^2_ma_0 m − Z^4α 32πa^2_0M_mM_γ m, (22) δE_{2p} = − Zm_N 16πM^2_ma_0 m − Z^4α 96πa^2_0M_mM_γ m. (23)

Notice that the higher levels are less affected by the scalar field but that the gap between the levels has increased. We will study two main effects: the energy gap between the 1s and 2s levels, and the Lamb shift which involves the difference of energy between the 2s and 2p levels. It is clear from Equations (21)-(23) that the Lamb shift is sensitive only to the electric field contribution to the scalar wave function, and that the gap between the 1s and 2s levels is essentially due to the nuclear point mass.

3.1. Precision Measurements of Hydrogenic Atoms

A strong constraint on M_m can be deduced using the precision measurements of hydrogenic energy levels, as a low value of M_m would lead to large observable shifts. The 1s-2s transition for a standard hydrogen atom has a total uncertainty (experimental and theoretical) of order 10^{−9} eV at the 1-σ level [32, 33, 29]. This transition receives a contribution from the scalar field δE_{1s−2s} = 3m_N 16πM^2_ma_0 m_e + 7α 32πa^2_0M^2 m_e, (24)

where we have defined M^2 = M_mM_γ . The contribution of the term sourced by the atomic electric field satisfies the bound if GeV ≲ M. However, the nuclear mass term exceeds the 10^{−9} eV bound unless M_m ≳ 10 TeV. (25)

3.2. The Lamb Shift and the Proton Radius

A second crucial effect of the coupling of the fermions to the scalar field is the change in the energy difference between levels with differing angular momentum l. The most important case is l = 2, and the contribution to the Lamb shift is δE_{2s−2p} = Z^4α 48πa^2_0M^2 m. (26)

The change in the Lamb shift induced by the scalar field will vary between electronic and muonic atoms. For Z = 1, we find that for an electron with mass m_e = 0.51 MeV and Bohr radius 5.3 × 10^{−11} m the scalar contribution to the Lamb shift is

δE_{2s−2p}(e^−) = 3 × 10^{−10} ( GeV M )_2 eV. (27)

For a muon of mass m_μ = 106 MeV and Bohr radius 2.5 × 10^{−13} m the contribution to the Lamb shift is

δE_{2s−2p}(μ^−) = 3 × 10^{−3} ( GeV M )_2 eV. (28)

As discussed in the introduction the Lamb shift can be used to infer the charge radius of the proton measured in femtometers [34] ΔE meV = 210 − 5.23 ( r_p fm )_2 + 0.035 ( r_p fm )_3 . (29)

Measurements of the Lamb shift may give different values for the charge radius depending on whether the experiments are conducted with electronic or muonic atoms. The CODATA value r_p = 0.8768 ± 0.0069 fm [35] is extracted mainly from spectroscopy of electronic hydrogen atoms and is in agreement with the calculations of bound state quantum electrodynamics [36, 37]. Ensuring that the electronic Lamb shift lies within the current experimental limits requires 10^{−4} GeV ≲ M. Then the muonic Lamb shift corresponds to a negative variation of the proton radius, δr_p(μ^−) r_p = −0.4 ( GeV M )_2 , (30)

So that the proton charge radius could vary between measurements with muons and with electrons.

The recent measurement of the proton charge radius for muonic hydrogen [34] gives r_p = 0.84184 fm although we note that it may yet be possible to explain this seemingly anomalous measurement with conventional QED [38] and QCD [39]. This corresponds to a negative variation of order four percent, and would require a suppression scale

M ≈ 3.2 GeV. (31)

This is a reasonable scale for an effective theory at low energy which includes protons in its spectrum. Of course, larger values of M lead to a smaller contribution to the proton radius. The bound on M_m obtained in (25) is much larger than the value of the averaged scale M deduced from the proton radius deviation, implying M_γ ≲ 10^{−3} GeV.

In the following section we analyse whether such values are compatible with high energy particle physics experiments.

The Lamb shift for hydrogenic atoms can also be used to constrain M. For Z = 2, the 2-σ theoretical and experimental uncertainty is 3 × 10^{−9} eV [40], while for Z = 15 it is 6 × 10^{−4} eV [41, 42] at the one-σ level and the theoretical uncertainty is 8 eV for Z = 110 [42]. For M = 3.2 GeV, we find that the scalar contributions are respectively 5 × 10^{−10} eV, 2 × 10^{−6} eV and 4 × 10^{−4} which are within these bounds. Hence we find that the constraint on M coming from the proton radius of muonic atoms is compatible with high precision atomic tests for hydrogenic atoms. Larger values of M would lead to even smaller contributions from the scalar field.

We have obtained a strong constraint on M_m from the 1s-2s energy gap of the hydrogen atom, which implies a constraint on M_γ through measurements of the charge radius of muonic hydrogen. Independent constraints on M_γ can be deduced from optical cavity experiments and astrophysical observations which probe near vacuum environments. Optical cavity experiments constrain scalar fields with m_ϕ ≲ meV to have M_γ ≳ 10^7 GeV [11, 13, 17]§. Astrophysics constrains M_γ ≳ 10^9 GeV for masses of the scalar less than 10^{−12} eV in the interstellar medium [21]. Stronger constraints from helioscope experiments and the alteration of the star burning rate would apply if scalars were produced in the very dense environment inside stars. However, the dependence of the properties of the scalar field on the density of its environment, as in (2), implies that scalars are difficult to produce inside stars. This was first noticed in [43, 44] in the chameleon context. In fact as shown in [45] the production of scalars inside a dense plasma can only be realised when the mass of the scalar is tuned to be resonant with the plasma frequency. In other cases, scalars are most likely to be very difficult to produce in stellar plasmas. For this reason, we only consider here constraints on M_γ coming from near vacuum experiments, and therefore for scalar fields with masses in vacuum m_ϕ ≳ 10^{−3} eV a coupling M_γ < 10^{−3} GeV as required to explain the charge radius of muonic hydrogen is permitted by optical experiments.

3.3. Anomalous Magnetic Moment, the Z width and electro-weak precision tests

So far, we have only considered atomic precision tests. In this subsection, we will confront the bounds deduced from atomic physics with the ones obtained in particle physics. A very stringent particle physics precision test which could be affected by the coupling of scalar fields to fermions is the anomalous magnetic moment g_f − 2 [46]. Typically, the measurement of the anomalous moment of fermions such as the muon involves the decay of pions via weak interactions with resulting O(1) GeV scale muons. Therefore the cut off of the effective theory describing this decay must lie above the

§ These results have been recently extended to a larger mass range up to 0.1 eV by the GammeV- CHASE group. For masses larger than 10^{−3} eV, the bound on M_γ becomes looser and looser up to a scale of order 0.1 eV.

weak scale. For such experiments, the contributions of scalars can be calculated

g_f − 2 = 1 (4π)^2 m^2_f M^2_m ln M^2_m m^2_f

(32)

A suppression of M_m ≈ 600 GeV would lead to g_μ − 2 ≈ 3 × 10^{−9} and would explain the discrepancy between the standard model prediction and the measured value of the muonic anomalous magnetic moment [46, 47]. In practise the constraint M_m ≳ 10 TeV obtained from the 1s-2s gap of hydrogenic atoms is a stronger constraint on the strength of the coupling than that from g_f − 2 of the muon.

Gauge invariance at high energy implies that after electroweak symmetry breaking, the coupling scale to photons and the Z boson are the same at the weak scale. Radiative corrections between the weak scale and the QCD scale will not lead to large effects and the two couplings will be essentially the same. Now the coupling of the Z boson to a light scalar implies that the width of the Z boson is affected. Known bounds on the Z width can be applied to the branching ratio [30] Γ(Z → ϕff̄) Γ(Z → ff̄) ≈ 1 80π^3 m^2_Z M^2_γ

(33)

where ff̄ is a fermion pair, and m_Z is the mass of the Z boson. The uncertainty on the width is of order 0.0023 GeV compared to a central value of 2.4952 GeV. This leads to a bound M_γ ≳ 60 GeV [30]. A stronger bound M_γ ≳ TeV can also be deduced from the electro-weak precison tests [30]. This implies the bound M ≳ 3 TeV meaning that a scalar coupling to both matter and photons cannot explain the observed discrepancy in the proton radius. At most we find that the effect of scalar on the proton radius must be | δr_p(μ^−) r_p | ≤ 10^{−6} (34)

Of course, this is a completely unobservable result.

4. Conclusions

We have shown that scalar fields coupled to matter will shift atomic energy levels. Combinations of atomic precision measurements of electric and muonic hydrogen can be used to probe both the coupling of the scalar field to matter and to photons. The shifts follow from the form of the coupling of scalars to fermions and photons, i.e. a non-renormalisable operator with a suppression scale which strongly depends on the cut off energy below which the effective Lagrangian description is valid. It also depends on the two types of sources for the scalar field perturbation inside an atom: the nuclear energy density and the nuclear electric field. We find that only the contribution from the electric field has a direct effect on the Lamb shift, but that the nuclear energy density has an effect on the 1s-2s energy gap of hydrogenic atoms.

Particle physics measurements at accelerators have previously been shown to require a large suppression scale for the coupling of the scalar field to the gauge sector of the standard model. We have shown that the constraint deduced from measurements of the 1s-2s energy gap of the hydrogen atom is stronger and constrains M_m ≳ 10 TeV. We have obtained that the scalar field perturbation of the Lamb shift is sensitive only to the product of the coupling scales M_mM_γ , and that the scalar field perturbation is much larger for muonic that electric hydrogen atoms. However constraints on M_γ coming from the electro-weak precision tests, M_γ ≳ 1 TeV, imply that the anomalous measurement of the muonic Lamb shift cannot be explained through the presence of a scalar field. This would have required a low value of the coupling scale of the scalar to photons M_γ ∼ MeV.

In summary, we have shown that the best atomic and particle physics bounds on the coupling scales of matter and photons to a scalar field are M_m ≳ 10 TeV and M_γ ≳ 1 TeV. Although we have found that the Lamb shift in hydrogenic and muonic atoms differ due to the difference of mass between the electron and the muon, the large values of M_m and M_γ imply that the shift in the proton radius due to a scalar field is negligible. Therefore it seems that the best possibility of detecting a coupled scalar field in laboratory experiments is not with atomic measurements but with optical cavity experiments.

Acknowledgments

We would like to thank Andreas Ringwald for very helpful discussions in the preparation of this work. CB was supported by the German Science Foundation (DFG) under the Collaborative Research Centre (SFB) 676 and by the SNF.

References

[1] P. Svrcek and E. Witten, Axions in string theory, JHEP 06 (2006) 051, [hep-th/0605206]. [2] A. Arvanitaki, S. Dimopoulos, S. Dubovsky, N. Kaloper, and J. March-Russell, String Axiverse, Phys. Rev. D81 (2010) 123530, [arXiv:0905.4720].

[3] J. Jaeckel and A. Ringwald, The Low-Energy Frontier of Particle Physics, arXiv:1002.0329. [4] C. M. Will, The confrontation between general relativity and experiment, Living Rev. Rel. 4 (2001) 4, [gr-qc/0103036].

[5] J. Khoury and A. Weltman, Chameleon cosmology, Phys. Rev. D69 (2004) 044026, [astro-ph/0309411].

[6] J. Khoury and A. Weltman, Chameleon fields: Awaiting surprises for tests of gravity in space, Phys. Rev. Lett. 93 (2004) 171104, [astro-ph/0309300].

[7] A. Nicolis, R. Rattazzi, and E. Trincherini, The galileon as a local modification of gravity, Phys.

Rev. D79 (2009) 064036, [arXiv:0811.2197].

[8] P. Brax, C. Burrage, A.-C. Davis, D. Seery, and A. Weltman, Anomalous coupling of scalars to gauge fields, arXiv:1010.4536.

[9] P. Brax, C. Burrage, A.-C. Davis, D. Seery, and A. Weltman, Higgs production as a probe of Chameleon Dark Energy, Phys. Rev. D81 (2010) 103524, [arXiv:0911.1267].

[10] G. Raffelt and L. Stodolsky, Mixing of the Photon with Low Mass Particles, Phys. Rev. D37 (1988) 1237.

[11] R. Cameron, G. Cantatore, A. C. Melissinos, G. Ruoso, Y. Semertzidis, H. J. Halama, D. M.

Atomic Precision Tests and Light Scalar Couplings 12

Lazarus, A. G. Prodell, F. Nezrick, C. Rizzo, and E. Zavattini, Search for nearly massless, weakly coupled particles by optical techniques, Phys. Rev. D 47 (May, 1993) 3707–3725.

[12] C. Robilliard et. al., No light shining through a wall, Phys. Rev. Lett. 99 (2007) 190403, [arXiv:0707.1296].

[13] GammeV (T-969) Collaboration, A. S. . Chou et. al., Search for axion-like particles using a variable baseline photon regeneration technique, Phys. Rev. Lett. 100 (2008) 080402, [arXiv:0710.3783].

[14] OSQAR Collaboration Collaboration, P. Pugnat, L. Duvillaret, R. Jost, G. Vitrant, D. Romanini, A. Siemko, R. Ballou, B. Barbara, M. Finger, M. Finger, J. Hošek, M. Král, K. A. Meissner, M. Šulc, and J. Zicha, Results from the osqar photon-regeneration experiment: No light shining through a wall, Phys. Rev. D 78 (Nov, 2008) 092003.

[15] M. Fouche et. al., Search for photon oscillations into massive particles, Phys. Rev. D78 (2008) 032013, [arXiv:0808.2800].

[16] A. Afanasev et. al., New Experimental limit on Optical Photon Coupling to Neutral, Scalar Bosons, Phys. Rev. Lett. 101 (2008) 120401, [arXiv:0806.2631].

[17] K. Ehret, M. Frede, S. Ghazaryan, M. Hildebrandt, E.-A. Knabbe, D. Kracht, A. Lindner, J. List, T. Meier, N. Meyer, D. Notz, J. Redondo, A. Ringwald, G. Wiedemann, and B. Willke, New alps results on hidden-sector lightweights, Physics Letters B 689 (2010), no. 4-5 149 – 155.

[18] G. G. Raffelt, Astrophysical axion bounds, Lect. Notes Phys. 741 (2008) 51–71, [hep-ph/0611350].

[19] A. De Angelis, O. Mansutti, and M. Roncadelli, Evidence for a new light spin-zero boson from cosmological gamma-ray propagation?, Phys. Rev. D76 (2007) 121301, [arXiv:0707.4312].

[20] CAST Collaboration, E. Arik et. al., Probing eV-scale axions with CAST, JCAP 0902 (2009) 008, [arXiv:0810.4482].

[21] C. Burrage, A.-C. Davis, and D. J. Shaw, Detecting Chameleons: The Astronomical Polarization Produced by Chameleon-like Scalar Fields, Phys. Rev. D79 (2009) 044028, [arXiv:0809.1763].

[22] C. Burrage, A.-C. Davis, and D. J. Shaw, Active Galactic Nuclei Shed Light on Axion-like- Particles, Phys. Rev. Lett. 102 (2009) 201101, [arXiv:0902.2320].

[23] M. Fairbairn, T. Rashba, and S. V. Troitsky, Photon-axion mixing in the Milky Way and ultra-high-energy cosmic rays from BL Lac type objects - Shining light through the Universe,

arXiv:0901.4085.

[24] A. Mirizzi and D. Montanino, Stochastic conversions of TeV photons into axion-like particles in extragalactic magnetic fields, JCAP 0912 (2009) 004, [arXiv:0911.0015].

[25] N. Bassan, A. Mirizzi, and M. Roncadelli, Axion-like particle effects on the polarization of cosmic high-energy gamma sources, JCAP 1005 (2010) 010, [arXiv:1001.5267].

[26] P. Brax and C. Burrage, Chameleon Induced Atomic Afterglow, arXiv:1009.1065. [27] W. E. Lamb and R. C. Retherford, Fine structure of the hydrogen atom by a microwave method, Phys. Rev. 72 (Aug, 1947) 241–243.

[28] M. Pospelov, Secluded U(1) below the weak scale, Phys. Rev. D80 (2009) 095002, [arXiv:0811.1030].

[29] J. Jaeckel and S. Roy, Spectroscopy as a test of Coulomb’s law – A probe of the hidden sector,

arXiv:1008.3536.

[30] P. Brax, C. Burrage, A.-C. Davis, D. Seery, and A. Weltman, Collider constraints on interactions of dark energy with the Standard Model, JHEP 09 (2009) 128, [arXiv:0904.3002].

[31] L. Hui and A. Nicolis, An equivalence principle for scalar forces, arXiv:1009.2520. [32] C. Schwob et. al., Optical Frequency Measurement of the S-2- D-12 Transitions in Hydrogen and Deuterium: Rydberg Constant and Lamb Shift Determinations, Phys. Rev. Lett. 82 (1999) 4960–4963.

[33] G. G. Simon, C. Schmitt, F. Borkowski, and V. H. Walther, Absolute electron Proton Cross-Sections at Low Momentum Transfer Measured with a High Pressure Gas Target System, Nucl. Phys. A333 (1980) 381–391.

Atomic Precision Tests and Light Scalar Couplings 13

[34] R. Pohl et. al., The size of the proton, Nature 466 (2010) 213–216.

[35] P. J. Mohr, B. N. Taylor, and D. B. Newell, CODATA Recommended Values of the Fundamental Physical Constants: 2006, Rev. Mod. Phys. 80 (2008) 633–730, [arXiv:0801.0028].

[36] M. I. Eides, H. Grotch, and V. A. Shelyuto, Theory of light hydrogenlike atoms, Phys. Rept. 342 (2001) 63–261, [hep-ph/0002158].

[37] S. G. Karshenboim, Precision physics of simple atoms: QED tests, nuclear structure and fundamental constants, Phys. Rept. 422 (2005) 1–63, [hep-ph/0509010].

[38] A. De Rujula, QED is not endangered by the proton’s size, arXiv:1008.3861. [39] T. Friedmann, No Radial Excitations in Low Energy QCD. II. The Shrinking Radius of Hadrons,

arXiv:0910.2231.

[40] A. van Wijngaarden, J. Kwela, and G. W. F. Drake, Measurement of the n=2 Lamb shift in He+ by the anisotropy method, Phys. Rev. A43 (1991) 3325–3342.

[41] D. Müller, J. Gassen, L. Kremer, H.-J. Pross, F. Scheuer, H.-D. Sträter, P. von Brentano, A. Pape, and J. C. Sens, Lamb shift measurement in hydrogenlike phosphorus, EPL (Europhysics Letters) 5 (1988), no. 6 503.

[42] W. R. Johnson, I. Bednyakov, and G. Soff, Vacuum polarization corrections to the paritynonconserving 6s - 7s transition amplitude in Cs-133, Phys. Rev. Lett. 87 (2001) 233001, [hep-ph/0110262].

[43] P. Brax, C. van de Bruck, and A.-C. Davis, Compatibility of the chameleon-field model with fifthforce experiments, cosmology, and PVLAS and CAST results, Phys. Rev. Lett. 99 (2007) 121103, [hep-ph/0703243].

[44] J. Jaeckel, E. Masso, J. Redondo, A. Ringwald, and F. Takahashi, The Need for Purely Laboratory-Based Axion-Like Particle Searches, Phys. Rev. D75 (2007) 013004, [hep-ph/0610203].

[45] P. Brax and K. Zioutas, Solar Chameleons, Phys. Rev. D82 (2010) 043007, [arXiv:1004.1846]. [46] F. Jegerlehner, Essentials of the Muon g-2, Acta Phys. Polon. B38 (2007) 3021, [hep-ph/0703125].

[47] K. Hagiwara, A. D. Martin, D. Nomura, and T. Teubner, Improved predictions for g-2 of the muon and α_{QED}(M^2_Z ), Phys. Lett. B649 (2007) 173–179, [hep-ph/0611102].