arXiv:1208.4194v1 [hep-ph] 21 Aug 2012

LTH 954 TU–916 21 August 2012

Hadronic contributions to the anomalous magnetic moment of the electron and the hyperfine splitting of muonium

Daisuke Nomura^a and Thomas Teubner^b

a Department of Physics, Tohoku University, Sendai 980-8578, Japan b Department of Mathematical Sciences, University of Liverpool, Liverpool L69 3BX, U.K.

Abstract Motivated by recent progress of theory and experiment on the anomalous magnetic moment of the electron, a_e, we update the hadronic contributions to a_e. Using our up-to-date compilation of e^+e^− → hadrons data, we find the leading order hadronic contribution a^{had, LO, VP} e = (1.866 ± 0.010_{exp} ± 0.005_{rad}) · 10^{−12} and the next-to-leading order hadronic contribution a^{had, NLO, VP} e = (−0.2234 ± 0.0012_{exp} ± 0.0007_{rad}) · 10^{−12} , where the first and second errors are from the error of the experimental data and the uncertainty in the treatment of radiative corrections, respectively. These values are compatible with earlier evaluations by other groups, but have significantly improved uncertainties due to the more precise input data used. We also update the leading order hadronic contribution to the ground state hyperfine splitting of muonium, obtaining Δν^{had, VP}_{Mu} = (232.68±1.25_{exp} ±0.72_{rad})Hz. This value is consistent with the most precise evaluation in the literature and reduces its error by a factor of two.

1 Introduction

With the start of the LHC, the hunt for physics beyond the Standard Model (SM) at the energy frontier has entered a new era, though so far no direct signal for ‘new physics’ has been observed. At the same time, experiments at lower energies are measuring SM parameters with unprecedented accuracy and are becoming ever more sensitive to quantum effects, possibly from physics beyond the SM. A prime example for this is the anomalous magnetic moment of leptons [1], caused by loop effects mainly from Quantum Electro-Dynamics (QED) but also influenced by the strong and weak force and possibly by effects from new physics. For the muon, the anomaly a_μ is sensitive to all sectors of the SM and has been measured with 0.5 ppm accuracy, using a muon storage ring at Brookhaven [2]. This measurement, when compared to the SM prediction of a_μ, shows a discrepancy of 3.3 σ [3, 4, 5] which may be a sign for new physics.^1 The electron’s anomalous magnetic moment, a_e, has been measured at Harvard via atomic spectroscopy [7], a_e = 1159 652 180.73 (28) · 10^{−12} . (1)

This corresponds to a 0.24 ppb accuracy, hence a_e is known even much more precisely than a_μ. However, due to the small mass of the electron, a_e is less sensitive to quantum effects from higher mass scales and is mainly generated by QED effects, though it also receives small contributions from the strong and weak interaction. It is therefore an ideal place to determine the fine structure constant α.

Another precision observable is the ground state hyperfine splitting (HFS) of muonium. Similar to a_e, it is sensitive to quantum effects at low mass scales and mainly QED dominated. It is very useful to determine the electron-to-muon mass ratio and hence the muon mass.

To determine SM parameters or to become sensitive to new physics, it is crucial that the theoretical predictions of such precision observables have accuracies similar to or smaller than the experimental uncertainties. For the lepton anomalies and also the HFS of muonium this has been achieved by higher-order calculations in all sectors of the SM (and various extensions of it) [3, 8, 9]. For a_e, the group of Kinoshita and collaborators have, after a many-year effort, completed calculations including full five-loop effects [10, 11, 12, 13, 14, 15, 16]. These results have reduced the error of the theoretical prediction of a_e by more than four-fold. It is therefore timely to provide an up-to-date evaluation of the hadronic contributions. In this short letter we calculate the hadronic contributions due to vacuum polarisation effects for the anomalous magnetic moment of the electron and also for the hyperfine splitting of the ground state of muonium.

2 Anomalous magnetic moment of the electron

At present, the most precise determination of the fine structure constant is through the measurement of the anomalous magnetic moment of the electron, a_e, using the Harvard measurement [7] quoted in Eq. (1) above. With their new complete five-loop and updated and improved fourloop QED contributions, and using results from [17, 18, 19, 20] for the hadronic and electroweak (EW) contributions, Kinoshita et al. arrive at [10]

α^{−1}(a_e) = 137.035 999 1736 (68)(46)(26)(331) , (2)

1The tau lepton’s anomaly, a_τ , is even more sensitive to physics at higher energy scales than a_μ, but is very difficult to measure with high precision due to the short lifetime of the tau. See [6] for a recent review and SM prediction of a_τ .

corresponding to a 0.25 ppb accuracy. This value is slightly different but compatible (at the level of 1.3 σ) with the second best determination of α which is using Rubidium atoms [21, 22] and reads α^{−1}(Rb) = 137.035 999 049 (90) [0.66 ppb].^2 The four errors quoted in (2) stem from the four- and five-loop QED contributions, from the hadronic and electroweak effects, and from the uncertainty of the experimental value for a_e. The group of Gabrielse is working on further improvements of the measurement of a_e and also a similar determination of the positron’s anomaly which, assuming CPT invariance, can be combined with the electron’s anomaly similar to the case of the muon. However, currently the experimental error of a_e is dominating the theoretical uncertainties, which have been reduced dramatically by the new QED calculations of Kinoshita and collaborators. Their four- and five-loop errors, i.e. the first and second error in (2), are mainly coming from the statistical uncertainties of the numerical Monte Carlo integrations and can be improved with increased computational efforts when needed. To understand the composition of the third error, let us list the hadronic and electroweak contributions as used in [10]:

a^{had, LO, VP} e = 1.875 (18) · 10^{−12} , (3) a^{had, NLO, VP} e = −0.225 (5) · 10^{−12} , (4) a^{had, l}-^{by}-^l e = 0.035 (10) · 10^{−12} , (5) a^{EW}_e = 0.0297 (5) · 10^{−12} . (6)

Here, similar to the case of the anomalous magnetic moment of the muon, the error from the electroweak effects is negligible compared to the uncertainties from the hadronic contributions. The latter are dominated by the leading order (LO) and next-to-leading order (NLO) hadronic vacuum polarisation (VP) corrections. For a_e, the contributions from light-by-light (l-by-l) scattering diagrams are rather small, but they still add significantly to the uncertainty of the a^{had}_e . A further scrutiny of the model calculations, and possibly also ‘first-principle’ determinations based on lattice calculations, are under way for the anomalous magnetic moment of the muon. This in turn will also allow to improve the estimates for a^{had, l}-^{by}-^l_e . In the following, we will discuss our up-to-date determination of a^{had, LO, VP}_e and a^{had, NLO, VP}_e . Note that while the hadronic cross section data used as input in these calculations have improved significantly in recent years due to both direct scan measurements and via the method of radiative return (see e.g. [24] for a recent review of the field), no up-to-date determination of the VP induced contributions is available so far.

2.1 Leading order hadronic VP contributions

The calculation of the leading order hadronic VP contributions to a_e is very similar to the case of the muon and uses a dispersion integral over the hadronic cross section times a well-known kernel function K_ℓ(s), see e.g. the detailed discussion in [25]:

a^{had, LO, VP} ℓ = 1 4π^3 ∫_∞ m^2_{π0}

ds K_ℓ(s)σ^0_{had}(s) , (7)

2Note that this value is a big improvement from the previous measurement by the same group [23].

Energy region, remarks contribution to a_e contribution to Δν^{had, VP}_{Mu} 2m_π − 0.305 GeV (ChPT, 2π) 0.0031 ± 0.0001 0.25 ± 0.01 3m_π − 0.66 GeV (ChPT, 3π) 0 0 m_π − 0.60 GeV (ChPT, π^0γ) 0.0004 ± 0.0000 0.04 ± 0.00 m_η − 0.69 GeV (ChPT, ηγ) 0 0 ϕ → unaccounted modes 0.0001 ± 0.0001 0.01 ± 0.01 0.305 − 1.43 GeV (exclusive channels) 1.6565 ± 0.0092 195.15 ± 1.07 1.43 − 2 GeV (excl. data + isospin relations) 0.0846 ± 0.0027 13.41 ± 0.43 2 − 2.6 GeV (inclusive data) 0.0378 ± 0.0015 6.54 ± 0.26 2.6 − 3.73 GeV (pQCD with BESII error) 0.0257 ± 0.0009 4.84 ± 0.17 3.73 − 11.09 GeV (incl. data) 0.0345 ± 0.0005 7.47 ± 0.10 J/ψ + ψ^′ 0.0185 ± 0.0004 3.53 ± 0.07 Υ(1S − 6S) 0.0002 ± 0.0000 0.06 ± 0.00 11.09 − ∞ GeV (pQCD) 0.0049 ± 0.0000 1.37 ± 0.00 Total 1.866 ± 0.010_{exp} 232.68 ± 1.25_{exp}

Table 1: Contributions to a^{had, LO, VP}_e (in units of 10^{−12}) and to Δν^{had, VP}_{Mu} (in Hz) from different energy regions, obtained with the data compilation as used in [4]. The first four lines give our predictions of contributions close to threshold where no data are available and are based on chiral perturbation theory (ChPT), see [25] for details. For 2.6 < √ s < 3.73 GeV perturbative QCD (pQCD) with errors comparable to those of the latest BES data [26] in this energy region is used. In the region below 2 GeV the sum of exclusive channels, supplemented by isospin relations for channels where no data are available, is used, see [4] for details.

where ℓ = e, μ, and σ^0_{had}(s) is the undressed (i.e. excluding VP corrections) total hadronic cross section. If we define the function K̂_ℓ(s) by

K̂_ℓ(s) = 3s m^2_ℓ

K_ℓ(s) , (8)

then K̂_ℓ(s) is a monotonically increasing function of order one with K̂_ℓ(s) → 1 for s → ∞. In the case of a_e, the kernel K̂_e(s) is very close to one throughout. In fact, K̂_e(s) can be expanded in terms of m^2_e/s as

K̂_e(s) = 1 + ( 3 ln m^2_e s + 25 4 ) m^2_e s + O ( m^4_e s^2 ln m^2_e s ) , (9)

and the deviation of K̂_e(s) from one is almost always negligible. (In the case of a_μ, K̂_μ(s = m^2_π0 ) = 0.40, K̂_μ(s = 4m^2_π± ) = 0.63, and K̂_μ(s) → 1 for s → ∞.) Hence the low energy contributions to the dispersion integral are even more important than in the case of the muon. Using our up-to-date comprehensive compilation of hadronic cross section data [4] we obtain contributions to a_e from different energy regions as displayed in Tab. 1. The errors given in Tab. 1 contain the statistical and systematic uncertainties from the input data including correlations over different energies for the various hadronic final states which are added incoherently.

In addition, we have to take into account the uncertainties in the treatment of radiative corrections from final state radiation and VP effects, see [4, 25] for a detailed discussion. These are conservatively estimated to be

δa^{FSR}_e = 0.005 , δa^{VP}_e = 0.002 (10)

and have to be added in quadrature to the error of the total a^{had, LO, VP}_e which hence reads

a^{had, LO, VP} e = (1.866 ± 0.011) · 10^{−12} . (11)

This number is to be compared with the result from [17] given in Eq. (3), which has been used in [10] and [22]. As expected, the mean value has changed only slightly, but the total error is significantly improved by about 40% due to the improved hadronic cross section data. Compared with the more recent evaluation given in [8], which is a^{had, LO, VP}_e = (1.860 ± 0.015) · 10^{−12}, the agreement is very good with a further but less significant improvement in the error.

2.2 Next-to-leading order hadronic VP contributions and total a^{had}_e

Contrary to the next-to-leading order (NLO) contributions induced by so-called hadronic lightby-light scattering diagrams, the NLO corrections including hadronic VP diagrams can be calculated with help of dispersion integrals, see e.g. [4, 18, 25]. Due to the small mass of the electron, diagrams with two hadronic VP insertions or one hadronic and one VP insertion from a heavy lepton (muon or tau) are strongly suppressed, and the diagrams with one hadronic VP insertion and one additional photon or electron loop are practically the only relevant contributions. With our latest compilation of hadronic cross section data we obtain the value

a^{had, NLO, VP} e = (−0.2234 ± 0.0012_{exp} ± 0.0007_{rad}) · 10^{−12} , (12)

where the uncertainty due to the statistical and systematic errors of the hadronic cross section data used as input and the additional error due to radiative corrections applied to the data are given separately. This result is close to the result quoted in Eq. (4) [18], but has a much smaller error. These NLO corrections lead to a reduction of the hadronic LO VP corrections by about 12%, so should not be neglected.

Combining the results from Eqs. (11) and (12)^3 with a^{had, l}-^{by}-^l_e from (5) [19]^4, our estimate of the hadronic contributions to the electron’s anomaly is

a^{had}_e = (1.678 ± 0.014) · 10^{−12} . (13)

Equations (11) and (12) are the main result of this letter. Given the current uncertainties of the QED result for a_e and the uncertainty of the experimental measurement, the improvements in the hadronic contributions may not look dramatic and do not affect the determination of α significantly. However, anticipating future improvements for a^{QED}_e and a^{exp}_e , it is important that the hadronic contributions are now much better under control and will not limit the indirect determination of α for the foreseeable future.

3The LO and NLO VP contributions are, to a very good approximation, totally correlated, which is taken into account accordingly in the error combination.

4This value for the light-by-light contributions is compatible with the evaluation by Jegerlehner and Nyffeler [8, 27], who quote a^{had, l}-^{by}-^l_e = 0.039 (13) · 10^{−12}.

3 Hyperfine splitting of muonium

Another high-precision observable is the HFS of the ground state of muonium. Comparing its measured and predicted values is currently the best method to determine the electron-to-muon mass ratio and hence the muon mass [22]. The HFS is mainly QED dominated, but also receives higher-order contributions due to hadronic and EW interactions, see [9, 22, 28] for detailed reviews and further references.

The experimental value of the muonium HFS is [29, 30]:

ν_{Mu}(exp) = 4 463 302 776(51) Hz , (14)

while the theoretical value quoted in the 2010 version of CODATA [22] is

ν_{Mu}(theory) = 4 463 302 891(272) Hz , (15)

where the uncertainty is dominated by that of the mass ratio m_e/m_μ. According to Ref. [22], among the theoretical uncertainty of 272 Hz, the uncertainty of the QED contributions is 98 Hz and that of the hadronic contribution 4 Hz. The hadronic contribution quoted in Ref. [22] is Δν^{had}_{Mu} = 236(4) Hz , (16)

which is the sum of the hadronic VP contribution Δν^{had, VP}_{Mu} = 231.2(2.9) Hz [31] and the hadronic higher-order contribution Δν^{had, HO}_{Mu} = 5(2) Hz [31]. Contrary to the case of the lepton anomalies, for the muonium HFS the hadronic light-by-light contributions are completely negligible at the current level of accuracy [32]. While the error in the theoretical prediction of the muonium HFS is dominated by the estimates of unknown higher-order QED contributions, the hadronic contribution is not negligible and the error quoted in (16) is just about one order of magnitude below the current experimental error. In fact, there is a planned experiment to measure the muonium HFS at J-PARC [33], which aims at reducing the experimental uncertainty by a factor of two or more compared to Eq. (14).^5 We therefore take the opportunity to improve the hadronic contributions. The hadronic VP contributions to the muonium HFS, Δν^{had, VP}

Mu , have previously been evaluated by a number of groups [31, 35, 36, 37, 38, 39, 40]. They can be written as a dispersion integral [35],

Δν^{had, VP}

Mu = 1 2π^3 m_e m_μ ν_F ∫_∞ m^2_{π0}

ds K_{Mu}(s)σ^0_{had}(s), (17)

where ν_F is the so-called Fermi energy,

ν_F = 16 3 R_∞α^2 m_e m_μ [ 1 + m_e m_μ ]_{−3} , (18)

5Also note that in their most recent work on QED corrections to the HFS of muonium, Eides and Shelyuto quote an uncertainty of about 10 Hz as current goal for the theoretical uncertainty of the HFS [34].

where R_∞ is the Rydberg constant, R_∞ = 3 289 841 960 364(17) kHz [22]. The explicit form of the kernel function K_{Mu}(s) is given e.g. in Ref. [39]. After correcting typos in Ref. [39] it reads

K_{Mu}(s) = −2 (_s 4m^2_μ + 2 ) L (√ s 4m^2_μ ) + (_s 4m^2_μ + 3 2 ) ln^s_{m2μ} −^1_2 , (for s < 4m^2_μ) , − (_s 4m^2_μ + 2 ) β ln

(_{1+β} 1−β ) + (_s 4m^2_μ + 3 2 ) ln^s_{m2μ} −^1_2 , (for s ≥ 4m^2_μ) ,

(19)

where L(τ) ≡ − √ 1 − τ^2 τ tan^{−1} √ 1 − τ^2 τ , β ≡ √ 1 − 4m^2_μ s . (20)

The kernel K_{Mu}(s) is a monotonically decreasing function with K_{Mu}(s = m^2_{π0} ) = 5.53 and K_{Mu}(s = 4m^2_π± ) = 1.98, approaching zero as s → ∞. For large s, an expansion in terms of m^2_μ/s is useful:

K_{Mu}(s) = ( − 9 2 ln m^2_μ s + 15 4 ) m^2_μ s + O ( m^4_μ s^2 ln m^2_μ s ) . (21)

Basically the dependence of K_{Mu}(s) on s is similar to that of K_μ(s). Since the leading term in the above expansion is (m^2_μ/s) ln(s/m^2_μ) rather than (m^2_μ/s), it puts only slightly more emphasis on higher energies compared to the hadronic VP corrections to a_μ.

Using the same input as above, we obtain the hadronic contributions from different energy regions as listed in Tab. 1. As in the case of a_e above, the error displayed in the last line of Tab. 1 contains only the uncertainties of the experimental data. Adding an error from the conservatively estimated uncertainty due to radiative corrections, ±0.72_{rad} Hz, our final result for the hadronic VP contributions to the muonium HFS reads

Δν^{had, VP}

Mu = (232.68 ± 1.44) Hz . (22)

Our result is compatible with and, as expected, considerably more accurate than the previous result quoted in Eq. (16). Note however, that so far no attempt has been made at a complete calculation of higher-order hadronic VP corrections which have been estimated to be of the same order or bigger than the error of the leading order ones [31, 39].

4 Conclusions

We have used our comprehensive compilation of hadronic cross section data to determine the hadronic vacuum polarisation contributions to the anomalous magnetic moment of the electron, a_e, to leading and next-to-leading order. We have also evaluated the hadronic VP contributions to the hyperfine splitting of the ground state of muonium. Our main results are given in Eqs. (11), (12) and (22). While the changes of the central values compared to earlier determinations are modest, the corresponding uncertainties have been significantly improved and will, for the foreseeable future, not affect precision determinations of physical constants from these observables.

Acknowledgements

We thank the Research Centre for Mathematical Modelling in the Department of Mathematical Sciences for supporting a visit of DN at Liverpool. DN thanks M. Nio for useful discussions on a_e.

References

[1] B. L. Roberts and W. J. Marciano (eds.), “Lepton dipole moments” (World Scientific, Singapore, 2009).

[2] G. W. Bennett et al., Phys. Rev. D73 (2006) 072003. [3] For recent reviews see for example:

A. Hoecker and W. J. Marciano, “Muon Anomalous Magnetic Moment” in J. Beringer et al. (Particle Data Group), Phys. Rev. D86 (2012) 010001;

F. Jegerlehner, “The anomalous magnetic moment of the muon”, Springer tracts in modern physics 226 (Springer, Berlin, Heidelberg, 2008);

K. Melnikov and A. Vainshtein, “Theory of the muon anomalous magnetic moment”, Springer tracts in modern physics 216 (Springer, Berlin, Heidelberg, 2006).

[4] K. Hagiwara, R. Liao, A. D. Martin, D. Nomura and T. Teubner, J. Phys. G38 (2011) 085003, arXiv:1105.3149 [hep-ph].

[5] M. Davier, A. Hoecker, B. Malaescu and Z. Zhang, Eur. Phys. J. C71 (2011) 1515 [Erratum-ibid. C72 (2012) 1874], arXiv:1010.4180 [hep-ph].

[6] S. Eidelman and M. Passera, Mod. Phys. Lett. A22 (2007) 159, hep-ph/0701260. [7] D. Hanneke, S. Fogwell and G. Gabrielse, Phys. Rev. Lett. 100 (2008) 120801,

arXiv:0801.1134 [physics.atom-ph];

D. Hanneke, S. Fogwell Hoogerheide and G. Gabrielse, Phys. Rev. A83 (2011) 052122,

arXiv:1009.4831 [physics.atom-ph].

[8] F. Jegerlehner and A. Nyffeler, Phys. Rept. 477 (2009) 1, arXiv:0902.3360 [hep-ph]. [9] M. I. Eides, H. Grotch and V. A. Shelyuto, Phys. Rept. 342 (2001) 63, hep-ph/0002158. [10] T. Aoyama, M. Hayakawa, T. Kinoshita and M. Nio, arXiv:1205.5368 [hep-ph]. [11] T. Kinoshita and M. Nio, Phys. Rev. D73 (2006) 013003, hep-ph/0507249.

T. Aoyama, M. Hayakawa, T. Kinoshita and M. Nio, Phys. Rev. Lett. 99 (2007) 110406, arXiv:0706.3496 [hep-ph]; Phys. Rev. D77 (2008) 053012, arXiv:0712.2607

[hep-ph].

[12] T. Kinoshita and M. Nio, Phys. Rev. D73 (2006) 053007, hep-ph/0512330. [13] T. Aoyama, M. Hayakawa, T. Kinoshita, M. Nio and N. Watanabe, Phys. Rev. D78 (2008) 053005, arXiv:0806.3390 [hep-ph].

[14] T. Aoyama, M. Hayakawa, T. Kinoshita and M. Nio, Phys. Rev. D78 (2008) 113006,

arXiv:0810.5208 [hep-ph].

[15] T. Aoyama, K. Asano, M. Hayakawa, T. Kinoshita, M. Nio and N. Watanabe, Phys. Rev.

D81 (2010) 053009, arXiv:1001.3704 [hep-ph].

[16] T. Aoyama, M. Hayakawa, T. Kinoshita and M. Nio, Phys. Rev. D82 (2010) 113004,

arXiv:1009.3077 [hep-ph]; D83 (2011) 053002, arXiv:1101.0459 [hep-ph]; D83

(2011) 053003, arXiv:1012.5569 [hep-ph]; D84 (2011) 053003, arXiv:1105.5200

[hep-ph]; D85 (2012) 033007, arXiv:1110.2826 [hep-ph]; D85 (2012) 093013,
arXiv:1201.2461 [hep-ph]; Nucl. Phys. B740 (2006) 138, hep-ph/0512288; B796

(2008) 184, arXiv:0709.1568 [hep-ph].

[17] M. Davier and A. Hocker, Phys. Lett. B435 (1998) 427, hep-ph/9805470. [18] B. Krause, Phys. Lett. B390 (1997) 392, hep-ph/9607259.

[19] J. Prades, E. de Rafael and A. Vainshtein, in [1], chapter 9, see also arXiv:0901.0306

[hep-ph].

[20] A. Czarnecki, B. Krause and W. J. Marciano, Phys. Rev. Lett. 76 (1996) 3267,

hep-ph/9512369;

M. Knecht, S. Peris, M. Perrottet and E. de Rafael, JHEP 0211 (2002) 003,

hep-ph/0205102;

A. Czarnecki, W. J. Marciano and A. Vainshtein, Phys. Rev. D67 (2003) 073006 [Erratum-ibid. D73 (2006) 119901], hep-ph/0212229.

[21] R. Bouchendira, P. Clade, S. Guellati-Khelifa, F. Nez and F. Biraben, Phys. Rev. Lett.

106 (2011) 080801, arXiv:1012.3627 [physics.atom-ph].

[22] P. J. Mohr, B. N. Taylor and D. B. Newell, arXiv:1203.5425 [physics.atom-ph]. [23] M. Cadoret, E. de Mirandes, P. Clade, S. Guellati-Khelifa, C. Schwob, F. Nez, L. Julien and F. Biraben, Phys. Rev. Lett. 101 (2008) 230801, arXiv:0810.3152

[physics.atom-ph].

[24] S. Actis et al., Eur. Phys. J. C66 (2010) 585, arXiv:0912.0749.

[25] K. Hagiwara, A. D. Martin, D. Nomura and T. Teubner, Phys. Lett. B649 (2007) 173;

Phys. Rev. D69 (2004) 093003; Phys. Lett. B557 (2003) 69.

[26] M. Ablikim et al. [BES Collaboration], Phys. Lett. B677 (2009) 239, arXiv:0903.0900

[hep-ex].

[27] A. Nyffeler, Phys. Rev. D79 (2009) 073012, arXiv:0901.1172 [hep-ph]. [28] M. I. Eides, H. Grotch and V. A. Shelyuto, “Theory of Light Hydrogenic Bound States”, Springer tracts in modern physics 222 (Springer, Berlin, Heidelberg, 2007).

[29] W. Liu et al., Phys. Rev. Lett. 82 (1999) 711. [30] F. G. Mariam et al., Phys. Rev. Lett. 49 (1982) 993.

[31] S. I. Eidelman, S. G. Karshenboim and V. A. Shelyuto, Can. J. Phys. 80 (2002) 1297,

arXiv:hep-ph/0209146.

[32] S. G. Karshenboim, V. A. Shelyuto and A. I. Vainshtein, Phys. Rev. D78 (2008) 065036,

arXiv:0806.1751 [hep-ph].

[33] Y. Fukao, talk at NuFact2012, Williamsburg, Virginia, USA, 23 – 28 July 2012;

K. Shimomura, AIP Conf. Proc. 1382 (2011) 245; A. Toyoda et al., arXiv:1110.1125 [physics.acc-ph].

[34] M. I. Eides and V. A. Shelyuto, arXiv:1207.1021 [physics.atom-ph]. [35] J. R. Sapirstein, E. A. Terray and D. R. Yennie, Phys. Rev. D29 (1984) 2290. [36] A. Karimkhodzhaev and R. N. Faustov, Sov. J. Nucl. Phys. 53 (1991) 626 [Yad. Fiz. 53 (1991) 1012].

[37] R. N. Faustov, A. Karimkhodzhaev and A. P. Martynenko, Phys. Rev. A59 (1999) 2498,

arXiv:hep-ph/9808365.

[38] A. Czarnecki, S. I. Eidelman and S. G. Karshenboim, Phys. Rev. D65 (2002) 053004,

arXiv:hep-ph/0107327.

[39] S. G. Karshenboim and V. A. Shelyuto, Phys. Lett. B517 (2001) 32,

arXiv:hep-ph/0107328.

[40] S. Narison, arXiv:hep-ph/0108065.