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Quantum electrodynamical corrections

to the quadratic Zeeman e�ect

Valentin Agababaeva,b, Dmitry Glazova,b

aDepartment of Physics, St. Petersburg State University, Oulianovskaya 1, Petrodvorets,
198504 St. Petersburg, Russia

bState Scienti�c Centre �Institute for Theoretical and Experimental Physics� of National
Research Centre �Kurchatov Institute�, B. Cheremushkinskaya st. 25, 117218 Moscow,

Russia

Simultaneous experimental and theoretical study of the g-factor of light hydrogen-
like ions provided the best up-to-date determination of the electron mass [1]. First ppb-
precision measurements for lithium-like system has been accomplished recently [2]. Corres-
ponding investigations for heavy hydrogen-like and boron-like ions will lead to independent
determination of the �ne structure constant [3, 4]. As an important step towards this goal,
ARTEMIS experiment presently implemented at GSI aims at high-precision measurement
of the Zeeman splitting in boron-like argon for both ground (2P1/2) and �rst excited
(2P3/2) states. Apart from the g-factors of these states it will be sensitive to the non-
linear contributions in magnetic �eld [5]. In particular, the relative contributions of the
second and third order in magnetic �eld amount to 10−4 and 10−8, respectively, at the
�eld of 7 Tesla. The latest theoretical results for the second- and third-order e�ects in
boron-like argon are given in Ref. [6]. In the present contribution the QED corrections
to the quadratic Zeeman e�ect are considered. Simple non-relativistic result is obtained
with an e�ective Hamiltonian [7] employing the anomalous magnetic moment. A part of
the corresponding bound-state QED diagrams is calculated.

��������

[1] S. Sturm et al., Nature 506, 467 (2014).
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[6] D. A. Glazov et al., Phys. Scr. T156, 014014 (2013).
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Continuous wavelet transform for gauge theories

M.V.Altaisky

Space Research Institute RAS, Profsoyuznaya 84/32, Moscow, 117997, Russia

Wavelet transform has been attracting attention as a tool for regularization of gauge
theories since the �rst paper of Federbush [1], where integral representation of the gauge
�elds by means of wavelet transform was suggested. In present paper we analyze di�erent
trends in application of wavelet transform for regularization of gauge theories in continuous
formalism [2, 3, 4] and also in simulation on a lattice.

��������

[1] P.Federbush, Prog. Theor. Phys. 94 (1995) 1135.

[2] M.V.Altaisky, Phys. Rev. D 81 (2010) 125003.

[3] S. Albeverio and M.V.Altaisky, New Advances in Physics 5 (2011) 1.

[4] M.V.Altaisky and N.E.Kaputkina, Phys. Rev. D 88 (2013) 025015.
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Method for production of highly charged ions with polarized

nuclei and zero total electron angular momentum

A.A. Bondarevskayaa, E.A. Mistonovaa, K.N. Lyashchenkoa, O.Yu. Andreeva,
A. Surzhykovb,c,d, L.N. Labzowskya,e, G. Plunienf , D. Liesenb,c, F. Boschc,

Th. St�ohlkerc,d,g

aDepartment of Physics, St. Petersburg State University, 198504, St. Petersburg,
Petergof, Russia

bFakult�at f�ur Physik und Astronomie, Ruprecht-Karls-Universit�at Heidelberg, D-69120,
Heidelberg, Germany

cGSI Helmholzzentrum f�ur Schwerionenforschung, D-64291 Darmstadt, Germany
dHelmholtz-Institut Jena, D-07743 Jena, Germany

ePetersburg Nuclear Physics Institute, 188300, St. Petersburg, Gatchina, Russia
f Institut f�ur Theoretische Physik, Technische Universit�at Dresden, D-01062, Dresden,

Germany
gInstitut f�ur Optik und Quantenelektronik, Friedrich-Schiller-Universit�at Jena, D-07743

Jena, Germany

During the last decades, experiments with spin-polarized particles became of primary
importance in the low-energy fundamental physics. Except for highly charged ions (HCI),
the techniques for polarizing beams of electrons, protons, and muons have been well
developed by now. However, during the last years several experiments using just polarized
HCI for tests of the fundamental symmetries like the parity non-conservation and for the
search of a nuclear and an electron electric dipole moment have been proposed ([1]-[4]).

We present a new method for polarizing the nuclei of He-like heavy ions with zero
total electron angular momentum in storage rings for high-energy ions based on capture
of polarized electrons by H-like ions. A detailed analysis for 151

63 Eu-ions with nuclear spin
I = 5/2 predicts a nuclear polarization degree of about 47% already after one passage
through a target containing 100% polarized electrons. Almost 50% of the polarized He-
like ions are predicted to be in states with zero total electron angular momentum. Such
ions were recently considered as most promising candidates in experiments at storage
rings for the search for violations of the fundamental symmetries and for a nuclear and
an electron electric dipole moment.

��������

[1] L. N. Labzowsky, A. V. Ne�odov, G. Plunien, G. So�, R. Marrus, and D. Liesen,
Phys. Rev. A 63, 054105 (2001).

[2] A. Bondarevskaya, A. Prozorov, L. Labzowsky, G. Plunien, D. Liesen, and
F. Bosch, Phys. Rep. 507, 1 (2011).

[3] I. B. Khriplovich, Phys. Lett. B 444, 98 (1998); Hyper�ne Inter. 127, 365 (2000).

[4] A. Prozorov, L. Labzowsky, D. Liesen, and F. Bosch, Phys. Lett. B 574, 180
(2003).
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Àíîìàëüíûé ìàãíèòíûé ìîìåíò ìþîíà âíå ìàññîâîé

ïîâåðõíîñòè

À.Á. Àðáóçîâa,b, Ò.Â. Êîïûëîâàb

aËÒÔ ÎÈßÈ, Äóáíà, 141980 Ðîññèÿ
bÊàôåäðà âûñøåé ìàòåìàòèêè, Óíèâåðñèòåò Äóáíà, 141980 Äóáíà, Ðîññèÿ

Â äîêëàäå ðàññìàòðèâàåòñÿ [1] ðàíåå íå ó÷òåííûé âêëàä â èçìåðÿåìóþ âåëè÷è-
íó àíîìàëüíîãî ìàãíèòíîãî ìîìåíòà ìþîíà çà ñ÷åò êîëëåêòèâíûõ âçàèìîäåéñòâèé
ìþîíîâ âíóòðè ïó÷êà â óñëîâèÿõ ýêñïåðèìåíòà, âûçûâàþùèõ ýôôåêòèâíûé ñõîä
÷àñòèö ñî ñâîåé ìàññîâîé ïîâåðõíîñòè. Äëÿ êîëè÷åñòâåííîãî îïèñàíèÿ ðàññìàòðè-
âàåìîãî ýôôåêòà èñïîëüçóåòñÿ ðåçóëüòàò îäíîïåòëåâûõ âû÷èñëåíèé ôîðì-ôàêòîðîâ
çàðÿæåííîãî ôåðìèîíà [2], ïîëó÷åííûé â ñëåäóþùåé êèíåìàòèêå: k2 = 0, p2 = −m2,
(p + k)2 + m2 = 2pk = κm2, ãäå k � èìïóëüñ ôîòîíà; p è p + k - èìïóëüñû ìþîíà,
òîëüêî îäèí èç êîòîðûõ íàõîäèòñÿ íà ìàññîâîé ïîâåðõíîñòè, ìåòðèêà (−,+,+,+).
Ìàëûé áåçðàçìåðíûé ïàðàìåòð κ îïèñûâàåò ñòåïåíü ñõîäà ñ ìàññîâîé ïîâåðõíîñòè,
κ < 0, |κ| ≪ 1. Äëÿ àíîìàëüíîãî ìàãíèòíîãî ìîìåíòà â îäíîïåòëåâîì ïðèáëèæåíèè
ìû ïîëó÷èëè

a(1,κ)µ =
α

2π

[
1 +

(
1

4
+

ln |κ|
2

)
κ+O(κ2)

]
, (1)

ãäå âåäóùèé ÷ëåí, α
2π
, âîñïðîèçâîäèò ðåçóëüòàò Þ. Øâèíãåðà [3]. Èìåþùóþñÿ

íà ñåãîäíÿøíèé äåíü ðàçíèöó ìåæäó ýêñïåðèìåíòàëüíûìè äàííûìè è òåîðåòè÷å-
ñêèìè ïðåäñêàçàíèÿìè ìîæíî îáúÿñíèòü çà ñ÷åò ðàññìîòðåííîãî ýôôåêòà, åñëè
κ ≈ −3.5 · 10−7, ÷òî ñîîòâåòñòâóåò ñðåäíåìó ñõîäó ñ ìàññîâîé ïîâåðõíîñòè ïîðÿä-
êà m|κ| ∼ 35 ýÂ. Â çàêëþ÷åíèå îòìåòèì, ÷òî ïëàíèðóåìûå íîâûå ýêñïåðèìåíòû ïî
èçìåðåíèþ àíîìàëüíîãî ìàãíèòíîãî ìîìåíòà ìþîíà [4, 5] áóäóò èìåòü îòëè÷íûå îò
ýêñïåðèìåíòà E821 õàðàêòåðèñòèêè ïó÷êà è, ñîîòâåòñòâåííî, ìîãóò ïîëó÷èòü ñèñòå-
ìàòè÷åñêèé ñäâèã â èçìåðÿåìîì çíà÷åíèè.

Àâòîðû áëàãîäàðíû çà ïîëåçíûå îáñóæäåíèÿ ïðîô. È.Ô. Ãèíçáóðãó, Ñ.Ã. Êàð-
øåíáîéìó è Ý.À. Êóðàåâó . À.Á.À. òàêæå áëàãîäàðèò ôîíä Äèíàñòèÿ çà ôèíàíñîâóþ
ïîääåðæêó.

��������

[1] A.B. Arbuzov and T.V. Kopylova, PEPAN Lett. 11 (2014) 339.

[2] A.I. Akhiezer, V.B. Berestetskii, Elements of Quantum Electrodynamics, Oldbourne
Press, 1964.

[3] J.S. Schwinger, Phys. Rev. 73 (1948) 416.

[4] B.L. Roberts Chin. Phys. C. 34 (2010) 741.

[5] T. Mibe [J-PARC g-2 Collaboration], Nucl. Phys. Proc. Suppl. 218 (2011) 242.
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Progress in the theoretical background of high precision

experimental tests of fundamental physics

Dimitar Bakalova,

aINRNE, Bulgarian Academy of sciences

Signi�cant progress has been achieved recently in the theoretical foundation of two
experimental projects aimed at testing the fundamental characteristics of matter.

1. An experiment for the measurement of the hyper�ne splitting in the ground state
of muonic hydrogen, �rst proposed more than 20 years ago, has recently been started.
This became possible thanks to (a) the development of pulsed narrow-band tunable NIR
lasers delivering up to 5 mJ per pulse at 50 Hz; (b) the availability of high intensity pulsed
muon sources at ISIS (RAL, UK); (c) the progress in the theory of low-energy processes
involving muonic atoms which allowed for �nding the optimal experimental conditions
and obtain high e�ciency of the measurements [1, 2]. Among the expected results are:
the hyper�ne splitting in (µ−p)1s accurate to 10−5, the Zemach radius of the proton with
accuracy better than 1%, statistically signi�cant comparison of the Zemach radii obtained
by spectroscopy of ordinary and muonic hydrogen [3].

2. The possibility to build a clock based on the hyper�ne spectrum of a hydrogen
molecular ion, and with precision that exceeds the precision of present day atomic clocks,
has been recently demonstrated, making use of the �composite frequency� method, develo-
ped in [4]. On the ground of the high accuracy ab initio calculations of the Zeeman [5, 6]
and (dc and ac) Stark e�ects [7] in the molecular ions HD+ and H+

2 , it has been shown
that the overall systematic shift of appropriate linear combinations of the frequencies of
individual hyper�ne transitions due to external �elds is very strongly suppressed. Among
other, clocks with such a high precision will allow for setting more stringent limits on the
time variability of fundamental physical constants.
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Two-loop electroweak contribution to the matching of αs in the

Standard Model

A.V. Bednyakova

aJoint Institute for Nuclear Research

The e�ective renormalizable theory describing electromagnetic and strong interactions
of quarks of �ve light �avors (nf = 5 QCD×QED) is considered as a low-energy limit of
the full Standard Model. Two-loop relation between the running strong coupling constants
αs de�ned in either theories is found by simultaneous decoupling of electroweak gauge
and Higgs bosons in addition to the top quark. The relation potentially allows one to
confront �low-energy� determination of αs with a high-energy one with increased accuracy.
Numerical impact of newO(αsα) terms is studied at the electroweak scale. It is shown that
the corresponding contribution, although being suppressed with respect to O(α2

s) terms,
is an order of magnitude larger than the three-loop QCD corrections O(α3

s) usually taken
into account in four-loop renormalization group evolution of αs. The dependence on the
matching scale is also analyzed numerically.

The talk is based on Ref. [1].
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Electric dipole moment of electron and P,T-odd electron-nucleus

interaction in highly charged ions

A. A. Bondarevskayaa, D. V. Chubukova, O. Yu. Andreeva, E. A. Mistonovaa,
L. N. Labzowskya,b, G. Plunienc, D. Liesend,e, F. Boschd

aSt. Petersburg State University, Petrodvorets, Russia
bPetersburg Nuclear Physics Institute, Gatchina, Russia

cInstitut f�ur Theoretische Physik, Technische Universit�at Dresden, Dresden, Germany
dGSI Helmholzzentrum f�ur Schwerionenforschung GmbH, Darmstadt, Germany

eFakult�at f�ur Physik und Astronomie, Ruprecht-Karls-Universit�at Heidelberg, Germany

The search for fundamental symmetry violation in low-energy physics presents one
of the most important problems in present theoretical physics. In this connection in
particular it is interesting to study the electric dipole moment (EDM) of elementary
particles (e.g. electron as in this report) as well as the EDM of closed many-particle
systems because the presence of EDM violates both space parity (P-odd e�ects) and
time-invariance parity (T-odd e�ects). Currently, the Standard Model (SM) predicts an
EDM of the electron of de < 10−38 e cm (e is the electron charge) [1]. However, within
various extensions of the SM [2] the electron EDM can be enhanced up to a value close to
the bounds obtained in recent accurate experiments with heavy diatomic molecule ThO
[5]. So discovery and studying of this e�ect will allow to �nd a new physics beyond SM.

The search for the electron EDM in closed systems (atoms, ions, molecules) has one
important di�erence compared to that for free particles. In any experiment with any
particular closed system it cannot be distinguished between the electron EDM e�ect
and the interfering P,T-odd scalar-pseudoscalar electron-nucleus interaction e�ect. The
equivalence of these two e�ects was �rst stated in [3]. The main goal of the present report
is to demonstrate that these e�ects can be well distinguished in a series of experiments
with H-like and Li-like highly charged ions (HCI) in storage rings (both electrostatic and
magnetic ones). A proposal is based upon the di�erent dependence of these e�ects on the
nuclear charge Z.
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Non-destructive Diagnostics of Antihydrogen by the

Characteristic Spectra of Microwave Ionization

Yu.V. Dumina,b

aSternberg Astronomical Institute of Lomonosov Moscow State University, Russia
bSpace Research Institute of Russian Academy of Sciences, Moscow, Russia

The antihydrogen atoms, used for studying the fundamental laws of nature [1], are
typically produced in the highly-excited (Rydberg) states by the three-body recombination
of positrons and antiprotons. The commonly-used experimental procedure for diagnostics
of the population of Rydberg atoms/antiatoms is their ionization by the DC electric �eld
with gradually increasing amplitude and counting the number of the released electrons/po-
sitrons as function of the applied voltage. Unfortunately, such an approach results in the
complete destruction of the original Rydberg sample. This is not a serious problem in the
experiments with ordinary matter but becomes very expensive in the case of antimatter.

The aim of the present report is to discuss a possible method for non-destructive
(or partially-destructive) diagnostics of the Rydberg systems, based on the characteristic
spectra of their ionization by microwave (MW) irradiation. The principal idea of such
an approach comes from the experiments with ordinary matter [2], where a few well-
expressed subharmonics of the ionization yield were detected under MW irradiation of the
laser-excited Rydberg atoms with �arti�cially reduced� ionization thresholds. However, it
was unclear in advance if the above-mentioned spectra will survive in the case of the
recombination-produced Rydberg atoms, because of a considerable di�erence in their
typical angular momenta and the respective electron-cloud shapes.

Fortunately, the numerical simulation performed in our study have shown that, under
the appropriate choice of irradiation parameters, the subharmonics of the ionization yield
can be clearly identi�ed even in the case of purely �circular� electron orbits (l ≈ n).
Besides, depending on the MW amplitude and pulse duration, it is possible to get either
a single well-expressed ionization maximum (if it is desirable to minimize the number
of destroyed atoms) or a set of few ionization peaks (if a more careful diagnostics is
necessary).

In summary, we expect that the proposed method may be a valuable tool in the
future experiments with antihydrogen. Besides, the independent test of feasibility of
this approach can be obtained from the experiments with microwave irradiation of the
recombining ordinary ultracold plasmas [3].
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Ti:sapphire femtosecond frequency comb for optical frequency

metrology in the NIR region

S. Fedorov,a,b D. Sukachev,a N.Kolachevkya

a P.N. Lebedev Physical Institute, 119991 Moscow, Leninsky prospekt 53, Russia
bMoscow Institute of Physics and Technology, 141700 Dolgoprudny, Russia

In the early 2000s there was a breakthrough in the �eld of optical frequency metrology
due to invention of a novel way of comparison between optical and radio frequencies [1].
Femtosecond frequency combs became a precise, simple and robust link between optical
clocks and primary RF frequency standards used in the de�nition of SI second.

A femtosecond comb spectrum consists of equally spaced "teeth"at frequencies fn.
These frequencies are separated by the femtosecond laser repetition rate fr and shifted as
a whole by the carrier-envelope o�set frequency fCEO

fn = nfr + fCEO (2)

where n is a number of the order of 106. Since both fr and fCEO typically have values
between 0.1 and 10 GHz, the total spectrum may cover more than octave in the optical
and NIR ranges.

Here we present recent results on the realization of a frequency comb based on a Ti:Sa
femtosecond laser oscillator. We demonstrate the comb spectrum broadening to more
than octave in a photonic crystal �ber (Fig. 1.a), detection of fCEO using nonlinear f -2f
interferometer technique [2] and stabilization of fCEO to an external rf frequency source by
controlling pump laser power. The achieved signal to noise ratio in detected fCEO is about
50 dB (Fig. 1.b). We plan to use the stabilized frequency comb for precision measurements
of clock transition in laser cooled Thulium (1140 nm), clock transition spectroscopy in
Aluminum ion (1070 nm) and spectroscopy of atomic hydrogen (972 nm).

Ðèñ. 1: a) part of supercontinuum generated in a photonic crystal optical �ber detected
by a silicon CCD detector b) carrier-envelope o�set fCEO beat signal
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Preliminary results of the hadronic cross sections measurements

with the CMD-3 detector at electron-positron collider

VEPP-2000

G.V.Fedotovich
on behalf of the CMD-3 collaboration

BINP, Novosibirsk, Russia

CMD-3 detector during the last three seasons has collected the integrated luminosity
about 60 pb−1 at the e+e− VEPP-2000 collider. The integrated luminosity was measured
using two well-known QED process: e+e− → e+e−, e+e− → γγ. These processes have
the large cross sections and events can be selected purely without background due to
a simple signature in the detector. The half of the data has been collected below the
phi-meson mass. The stability of the beam energy has controlled with accuracy 0.1 MeV,
using Compton laser light back scattering techniques. The other half of the statistics was
taken in the energy range from 1 to 2 GeV. The preliminary results of various hadronic
cross sections measurements are presented. The �rst study of dynamics of multi hadrons
production is performed.
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Variability of the Gravitational Constant � Forty-Three Years

Later

Plamen P. Fizieva, Ts. Ya. Fizievab

aBLTP JINR Dubna
bIndependent Researcher

The values of the gravitational constant G resulting from the latest experiments each
with comparatively small uncertainties but in disagreement with each other and with
earlier measurements with comparable uncertainties led to an even larger expansion of
the a priori assigned uncertainties of the data for G, see [1] and the Table below. We
consider the obvious contradiction between the experimentally observed data with high
precision and analyze some hypotheses about the possible explanation of this mystery.

Special attention is paid to the variation of Earth gravitational �eld and its relation
with the model of minimal dilatonic gravity (MDG) [2]. The hypothesis that the massive
Nambu-Goldsone dilaton can explain the variability of the gravitational constant was
formulated for the �rst time by Fujii [3], as early as in 1971. It was extensively investigated
experimentally in 80-ties and 90-ties of the last century without convincing results.

We present here the modern development of MDG model [2] and its new predictions,
based on the Preliminary Reference Earth Model (PREM) [4].

G ×10−11m3kg−1s−2 Uncertainty G ×10−11m3kg−1s−2 Uncertainty
6.672 48(43) 6.4× 10−5 6.673 87(27) 4× 10−5

6.672 9(5) 7.5× 10−5 6.672 28(87) 1.3× 10−4

6.673 98(70) 1.0× 10−4 6.674 25(12) 1.9× 10−5

6.674 255(92) 1.4× 10−5 6.673 49(18) 2.7× 10−5

6.675 59(27) 4.0× 10−5 6.672 34(14) 2.1× 10−5

6.674 22(98 1.5× 10−4 6.67545(18) 1.48× 10−4
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On the structure of the physical vacuum

A. S. Gevorkyana,b

aInstitute for Informatics and Automation Problems, NAS of Armenia
bInstitute for Chemical Physics, NAS of Armenia

In the representation of the quantum �eld theory (QFT), the physical vacuum is the
in�nite set of all �uctuating virtual energetic particles and �elds in the R4 space-time
of Minkowski. The experimental facts such as the Lamb shift of energy levels of the
hydrogen atom, Casimir and Unruh e�ects etc., are important proofs of QFT predictions.
In conjunction with this a natural question arises, namely, what is the structure of the
physical vacuum (PV) at equilibrium, when there is no external in�uence on it? It is
obvious that to study such problems we need to develop a nonperturbative QFT [1]. In this
work we consider the propagation of electromagnetic �elds in free PV in the framework of
Langevin-Maxwell type stochastic di�erential equations. For the sake of simplicity we have
assumed, that the random sources of energetic particles and �elds satisfy the correlation
conditions of the white noise. The last allows in particular to derive the equation for
distribution of vacuum �elds and, respectively to construct nonperturbative closed theory
for the physical vacuum taking into account the in�uence of the external electromagnetic
�elds. As it is proved, in the limit of a statistical equilibrium the physical vacuum after
some simpli�cations is described in the 6D space-time, where 4D is the Minkowski space-
time, while the additional 2D is the compact space on which physical vacuum is in
quantized states. In other words, the PV without any external in�uence has a structure. It
is shown, that at the absence of the external �elds the integral representation for refractive
indexes, as one would expect are identically equal to units. When the physical vacuum
is under the in�uence of the external electromagnetic �elds, the quantized states are
deformed, that leads to changes of the values of refractive indexes even at small external
�elds. This indicates the existence of a new mechanism of photon-photon scattering which
di�ers from the mechanism described by the well-known Feynman diagrams of the fourth
order. Note, that at propagation of electromagnetic �elds in the vacuum the last is
polarized. This leads to change of the refractive indices of the physical vacuum, that
directly in�uences on a propagation of photon from another source, this is the meaning of
the new mechanism of photon-photon interaction. At last, it is necessary to note, that the
mentioned mechanism of photon-photon scattering is due to the nonlinear properties of
the quantum vacuum which, as it was shown experimentally, is manifested also at small
external �elds. The new properties of the physical vacuum can fundamentally change our
understanding of the structure of the quantum vacuum and give new opportunities for a
space-time engineering with far-reaching practical applications.
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New data on the Higgs boson by CMS

Dezs�o Horv�ath (on behalf of the CMS Collaboration)
Wigner Research Centre for Physics, Budapest, Hungary

and Institute of Nuclear Research (Atomki), Debrecen, Hungary

The 40 years old standard model, the theory of particle physics, seems to describe all
experimental data very well. All of its elementary particles were identi�ed and studied
apart from the Higgs boson until 2012. For decades many experiments were built and
operated searching for it, and �nally, the two main experiments of the Large Hadron
Collider at CERN, ATLAS and CMS in 2012 observed a new particle with properties
close to those predicted for the Higgs boson. The discovery of the Higgs boson proves the
validity of the Brout-Englert-Higgs mechanism of spontaneous symmetry breaking and
Fran�cois Englert and Peter Higgs were awarded the 2013 Nobel Prize in Physics.

In spite of the general quantitative agreement of its predictions with experiment the
standard model (SM) has serious theoretical shortcomings. It cannot account for neutrino
oscillations, cannot solve the hierarchy problem (the unnaturally high corrections to the
mass of the Higgs boson), there is no place in it for the dark matter and it cannot explain
the lack of antimatter galaxies in the universe. Its gauge couplings are converging but not
to the same point at high energies and it cannot include gravity as a gauge interaction.
Most of these problems are solved within the frameworks of SM extensions, the most
popular of them being supersymmetry. The latter predicts several deviations from the
SM, especially in the Higgs sector, where it expects at least 5 Higgs bosons, three neutral
and two charged ones.

Studying the observed Higgs boson may uncover new physics beyond the SM, and
thus it is one of the most important programs for the experiments of the Large Hadron
Collider. We summarize the activity of CMS to measure the mass and other properties of
the 125 GeV Higgs boson, the new data on its decay properties as compared to the SM
predictions, and also attempts to check for other Higgs bosons at di�erent masses. Thus
far every data agrees with the SM, no deviation is found.
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Determination of the proton charge radius

Savely Karshenboim

Pulkovo Onservatory
Max-Planck-Institut f�ur Quantenoptik, Garching

I will discuss determination of the proton charge and magnetic radius by means of
atomic spectroscopy. In particular, I will discuss data on ordinary hydrogen and deuterium
and on muonic hydrogen.
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Progress in deep laser cooling of Strontium at VNIIFTRI

K.Khabarovaa, c, S. Strelkina, b, A.Galysheva, b, O.Berdasova, b, A.Gribova, b,
N.Kolachevskya, b, c, S. Sluysareva, b

a VSUE VNIIFTRI, Mendeleevo, Moscow Region, Russia
b National Research Nuclear University MEPhI, Moscow, Kashirskoye sh. 31, Russia

c P.N. Lebedev Physical Institute, Moscow, Leninsky prospekt 53, Russia

Today strontium optical lattice clock is one of the most stable source of frequencies
approaching eighteenth digit in fractional stability [1]. Such impressive progress makes
strontium optical clock a strong candidate for re-de�nition of second and open new
perspectives for fundamental tests and applications. Our group at VNIIFTRI works on
development of Sr-87 lattice clock targeting fractional inaccuracy of frequency at 10−16

level.
In this presentation we will discuss current progress of past few years: e�cient �rst

stage laser cooling at 461 nm, second stage laser cooling at 689 nm and development of
stabilized lasers for the second stage cooling and clock transition spectroscopy. Using
highly stabilized laser at 689 nm [2] we recently demonstrated deep second stage laser
cooling at the �broadband� and �single mode� regimes for Sr-88 isotope. Achieved temperatures
of 2-3µK (see �g. 1) should be su�cient for e�cient loading in an optical dipole trap at
the magis wavelength of 813 nm. After test experiments with Sr-88 we plan to switch to
less abundant Sr-87 isotope for spectroscopy of the clock transition at 698 nm.

Ðèñ. 1: Ballistic �ight of Sr-88 cloud after cycle of second stage cooling. Images are
captured after 1, 10, 20, 25, 30, 35, 40 and 50 ms after switching o� the MOT.
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Constraints on axion-nucleon coupling constants from

measurements of the Casimir interaction

G. L. Klimchitskaya

Department of Astrophysics, Central Astronomical Observatory at Pulkovo of the
Russian Academy of Sciences, St.Petersburg, 196140, Russia;

Institute of Physics, Nanotechnology and Telecommunications, St.Petersburg State
Polytechnical University, St.Petersburg, 195251, Russia

Axion is a light pseudoscalar particle, which was introduced in QCD in order to avoid
strong CP violation and large electric dipole moment of a neutron. Axion and di�erent
types of axion-like particles suggested in many extensions of the Standard Model provide
an elegant solution for the problem of dark matter in astrophysics and cosmology. There
are many attempts to �nd axions in di�erent laboratory experiments and astrophysical
observations (see [1,2] for a review). Up to the moment, however, only more or less strong
constraints on the mass and coupling constants of an axion and axion-like particles to
photons, leptons and nucleons have been obtained. Speci�cally, laboratory constraints on
the couplings of axions to a proton and a neutron are the most weak ones.

In this talk we collect the recently obtained [3-6] constraints on axion to nucleon
coupling constants, which follow from di�erent experiments on measuring the Casimir
interaction. We consider the constraints derived from measuring the Casimir-Polder force
between Rb atoms and a SiO2 plate, from measurements of the gradient of the Casimir
force between surfaces of a sphere and a plate coated by both nonmagnetic (Au) and
magnetic (Ni) metals using di�erent laboratory setups, and from measurements of the
Casimir force between sinusoidally corrugated surfaces coated with Au. These constraints
are compared with those following from some other laboratory experiments for masses of
axion-like particles from 10−10 to 20 eV. The possibility to obtain even stronger constraints
on axion to nucleon coupling constants from the Casimir e�ect is proposed.
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Spectroscopy of laser cooled Thulium atom

N.Kolachevskya, b, K.Khabarovaa, b, D. Sukacheva, b, G.Vishnjakovaa, b, E.Kalganovaa, b,
S. Fedorova, A.Golovisina, b, V. Sorokina, b

a P.N. Lebedev Physical Institute of Russian Academy of Sciences
119991 Moscow, Leninsky prospekt 53, Russia

b Russian Quantum Center, ul. Novaya 100, Skolkovo, Moscow region, Russia

After successful demonstration of laser cooling of Thulium [1] we continue spectroscopic
studies of this rare-earth element cooled to µK range. Our current experiments focus on
loading Tm in an optical lattice and spectroscopy of transition at 1.14µm between the
�ne-structure components J = 7/2 and J = 5/2 of the ground state. We propose this
magnetic-dipole transition as a favorable candidate for application in optical lattice clock
[2].

Recently we demonstrated second stage laser cooling and optical trapping of Tm in
a dipole trap at 530 nm (�g. 1). Also for the �rst time we observed clock transition at
1.14µm using a stabilized diode laser. Calculations show that dynamic polarizabilities of
two clock states (J = 7/2, 5/2) cancel each other to less than 3% in a broad infrared
range which signi�cantly suppress black body radiation shifts compared to alkali-earth
atoms.

In this talk we will discuss the progress achieved to date, demonstrate results of clock
transition spectroscopy and discuss some metrological properties of proposed candidate
transition.

Ðèñ. 1: Images of laser-cooled Thulium atoms trapped in an optical dipole trap at
530.6 nm. Left: axial trapping in a single focused laser beam. Right: trapping in a 1D
optical lattice.
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Search for �ne-structure constant variation in Ni II

E. A. Konovalova

Petersburg Nuclear Physics Institute, Gatchina, Russia

The Ni II absorption lines are observed in quasars by astrophysicists. Nickel is one
of the few elements with high sensitivity to α-variation, whose lines are detected at high
redshifts. This makes it a sensitive probe for α-variation on the cosmological timescale.
We calculated the dependence of the transition frequencies on the �ne-structure constant
(q-factors) for Ni II [1]. The electronic structure of Ni II ion was treated within the
con�guration interaction (CI) method using Dirac-Coulomb Hamiltonian. The results of
calculations for transition frequencies and sensitivity coe�cients are presented in Table 1.

State Experiment Theory q-factor
ω g ω gcalc this work Ref. [2]

4D7/2 51558 1.420 49002 1.423 −2490 (150) −2415
2G7/2 56371* 0.940 53972 0.923 −250 (300) −124
4F3/2 56425 0.412 54140 0.420 −140 (150)
2F7/2 57081* 1.154 54817 1.134 −790 (300) −700(250)
2D5/2 57420* 1.116 55315 1.100 −1500 (150) −1400(250)
2F5/2 58493* 0.946 56376 0.966 −100 (150) −20(250)
2D3/2 58706* 0.795 56770 0.799 −370 (150)
4P5/2 66571* 1.480 66169 1.506 −2210 (150)
4P3/2 66580 1.550 66173 1.592 −2290 (250)
2F5/2 67695 0.960 67512 0.943 −1900 (150)
2F7/2 68131* 1.200 67921 1.186 −1600 (200)
2D3/2 68154* 1.020 68080 1.033 −1090 (250)
2D5/2 68736* 1.264 68753 1.242 −410 (150)
4D7/2 70778 1.385 70704 1.383 −750 (200)

Òàáëèöà 1: The results of calculated sensitivity coe�cients and transition
frequencies (q-factors, ω are given in cm−1). Asterisks mark the lines of
astrophysical interest. Experimental frequencies and g-factors are taken from
http://physics.nist.gov/PhysRefData/ASD/index.html.

��������

[1] E. A. Konovalova, M. G. Kozlov, and R. T. Imanbaeva, Phys. Rev. A 90 (2014)
042512.

[2] V. A. Dzuba, V. V. Flambaum, M. G. Kozlov, and M. Marchenko, Phys. Rev. A 66

(2002) 022501.

22



Èçìåðåíèå ðåëàêñàöèè ðàñïðåäåëåíèÿ çàðÿäîâ íà ïîâåðõíîñòè

ïëàâëåíîãî êâàðöà ïîä äåéñòâèåì ýëåêòðîñòàòè÷åñêîãî ïîëÿ

Ä.Â. Êîïöîâ, Ë.Ã. Ïðîõîðîâ

Ôèçè÷åñêèé ôàêóëüòåò, ÌÃÓ èì. Ì.Â. Ëîìîíîñîâà

Ýêñïåðèìåíòàëüíîå îáíàðóæåíèå ãðàâèòàöèîííûõ âîëí, ïðåäñêàçàííûõ îáùåé òåî-
ðèåé îòíîñèòåëüíîñòè Ýéíøòåéíà, ÿâëÿåòñÿ îäíîé èç àêòóàëüíûõ çàäà÷ ñîâðåìåííîé
ôèçèêè. Ðåøåíèþ ýòîé çàäà÷è ïîñâÿùåíû ïðîåêòû ïî ïîèñêó ãðàâèòàöèîííûõ âîëí
Advanced LIGO [1], GEO600 [2], Advanced VIRGO [3]. Äàííûå ïðîåêòû îñíîâàíû íà
èíòåðôåðîìåòðå Ìàéêåëüñîíà ñ ðåçîíàòîðàìè Ôàáðè-Ïåðî â ïëå÷àõ, äëèíà êîòîðûõ
èçìåíÿåòñÿ ïîä äåéñòâèåì ãðàâèòàöèîííîé âîëíû. Îäèí èç áëîêîâ íàñòðîéêè èíòåð-
ôåðîìåòðà âêëþ÷àåò â ñåáÿ ýëåêòðîñòàòè÷åñêèå àêòþàòîðû ESD - ñèñòåìó ãðåáåí÷à-
òûõ ýëåêòðîäîâ, ðàñïîëîæåííóþ âáëèçè ïðîáíûõ ìàññ - çåðêàë èíòåðôåðîìåòðà [4].
Ïðè ïîäà÷å íà íèõ óïðàâëÿþùåãî íàïðÿæåíèÿ ñîçäàåòñÿ íåîäíîðîäíîå ýëåêòðîñòà-
òè÷åñêîå ïîëå, â êîòîðîå âòÿãèâàåòñÿ ïðîáíàÿ ìàññà, èçìåíÿÿ äëèíó ïëå÷à.

Ïîñêîëüêó èçìåíåíèå äëèí ïëå÷ ïîä äåéñòâèåì ãðàâèòàöèîííûõ âîëí îò ïðåä-
ïîëàãàåìûõ êîñìè÷åñêèõ èñòî÷íèêîâ î÷åíü ìàëî, øóì ñìåùåíèÿ ïðîáíîé ìàññû íå
äîëæåí ïðåâûøàòü 10−20 ì/Ãö−1/2 íà ÷àñòîòàõ îêîëî 100Ãö [1]. Îäèí èç èñòî÷íè-
êîâ øóìà ñìåùåíèÿ ñâÿçàí ñ ïåðåðàñïðåäåëåíèåì ýëåêòðè÷åñêèõ çàðÿäîâ íà ïðîáíîé
ìàññå ïîä äåéñòâèåì ïîëÿ ESD. Èññëåäîâàíèå ýòîãî äîïîëíèòåëüíîãî øóìà ÿâëÿåòñÿ
àêòóàëüíûì äëÿ ïðîåêòà Advanced LIGO.

Â äàííîé ðàáîòå ïðåäëîæåí è ðåàëèçîâàí ìåòîä ýêñïåðèìåíòàëüíîãî èññëåäî-
âàíèÿ ïðîöåññîâ ïåðåðàñïðåäåëåíèÿ çàðÿäîâ íà ïîâåðõíîñòè îáðàçöà èç ïëàâëåíî-
ãî êâàðöà ïîä äåéñòâèåì ýëåêòðîñòàòè÷åñêîãî ïîëÿ ñèñòåìû ãðåáåí÷àòûõ ýëåêòðî-
äîâ. Ðàçðàáîòàíà óñòàíîâêà, ñîñòîÿùàÿ èç ìîíîëèòíîãî êðóòèëüíîãî îñöèëëÿòîðà èç
ïëàâëåíîãî êâàðöà, ñèñòåìû ãðåáåí÷àòûõ ýëåêòðîäîâ è èíòåðôåðîìåòðà Ìàéêåëüñî-
íà äëÿ èçìåðåíèÿ êîëåáàíèé îñöèëëÿòîðà.

Èññëåäîâàíî ïåðåðàñïðåäåëåíèå çàðÿäîâ íà ïîâåðõíîñòè ïëàñòèíû îñöèëëÿòîðà
è ïðîäåìîíñòðèðîâàí åãî ðåëàêñàöèîííûé õàðàêòåð. Ýêñïåðèìåíòàëüíûé ðåçóëüòàò
ïîäòâåðæäàåòñÿ ÷èñëåííûì ðàñ÷åòîì. Ïîñêîëüêó ïåðåðàñïðåäåëåíèå çàðÿäîâ - ñëó-
÷àéíûé ïðîöåññ, îíî ÿâëÿåòñÿ èñòî÷íèêîì äîïîëíèòåëüíîãî øóìà. Ïî ðåçóëüòàòàì
èçìåðåíèé äàíà âåðõíÿÿ ãðàíèöà ñïåêòðàëüíîé ïëîòíîñòè øóìà.

��������

[1] G. M. Harry, Class Quantum Grav 27 (2010) 084006.

[2] H. Grote, Class. Quantum Grav 27 (2010) 084003.

[3] Advanced Virgo Baseline Design, https://tds.ego-
gw.it/itf/tds/�le.php?callFile=VIR-0027A-09.pdf

[4] S. M. Aston et al., Class. Quantum Grav 29 (2012) 235004.

23



Ro-vibrational spectroscopy of the hydrogen molecular ion and

antiprotonic helium

Vladimir Korobov

Joint Institute for Nuclear Research, Dubna

In our recent work [1] we have calculated the relativistic Bethe logarithm contribution
at ordermα7 in the two Coulomb center approximation. These results then have been used
for improved calculations of the transition energies for the hydrogen isotope molecular
ions and antiprotonic helium atoms. The general formula for the one-loop self-energy
contribution at the mα7 order has been obtained in [2]. Including other theoretical
contributions in a nonrecoil limit at order mα7, such as one-loop vacuum polarization,
the Wichman-Kroll contribution, the complete two-loop contribution, etc, and the leading
term of themα8 order one gets transition energies for the vibrational fundamental transition
(v = 0, L = 0) → (1, 0) in the hydrogen molecular ion with the relative theoretical
uncertainty of ∼ 7 · 10−12 that corresponds to a fractional precision of 1.5 · 10−11 in
determination of the electron-to-proton mass ratio, mp/me. The proton rms charge radius
uncertainty as is de�ned in the CODATA10 adjustment contributes to the fractional
uncertainty at the level of ∼4·10−12 for the transition frequency. While the muon hydrogen
"charge radius"moves the spectral line blue shifted by 3 KHz that corresponds to a relative
shift of 5 · 10−11.
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Optical transitions in highly charged ions

M. G. Kozlova,b, M. S. Safronovac,d, V. A. Dzubae, V. V. Flambaume, U. I. Safronovaf,g,
and S. G. Porseva,c

Petersburg Nuclear Physics Institute, Gatchina 188300
Petersburg Electrotechnical University �LETI�, Prof. Popov Str. 5,

St. Petersburg 197376
cUniversity of Delaware, Newark, Delaware, USA,

dJoint Quantum Institute, NIST and the University of Maryland, College Park,
Maryland, USA,

eThe University of New South Wales, Sydney, Australia,
fUniversity of Nevada, Reno, Nevada, USA,

gUniversity of Notre Dame, Notre Dame, Indiana, USA

It has been pointed out in [1, 2] that highly charged ions (HCI) can have very narrow
lines in the optical range. This happens because the energy of di�erent atomic shells has
di�erent dependence on the nuclear charge Z along the isoelectronic series. As a result
the levels of di�erent con�gurations can come close to crossing for a particular value of
Z. Transition rates can be very small because of the high multipolarity (M1, E2, etc.).
Such lines have very high sensitivity to α-variation [1, 2] and can be used for exceptionally
accurate optical clocks [3].

We use CI+AO (con�guration interaction plus all-order) method [4] to identify 10
particularly promising ions and calculate for them transition frequencies, coe�cients of
sensitivity to α-variation, and lifetimes [5, 6].
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On the use of 207Pb19F in the search for temporal variation of the

fundamental constants

A.D. Kudashova,b, L.V. Skripnikova,b, A.N. Petrova,b, A.V. Titova,b, N.S. Mosyagina,b

aSaint Petersburg State University, Saint Petersburg
bPetersburg Nuclear Physics Institute, Gatchina

The issue of the fundamental constants' variation entered modern physics with Paul
Dirac pointing out the possible temporal variation of the gravitational constant [1]. Among
other fundamental parameters, that have been drawing researchers' attention, are the
�ne-structure constant (α) and the mq/ΛQCD ratio, where mq is the light quark mass
and ΛQCD is the scale of quantum chromodynamics (QCD) [2, 3]. The investigation of
these phenomena can lead to deeper understanding of cosmology and physics beyond the
Standard model of electroweak interactions, prompting further attempts at discovering
the variations of fundamental constants in laboratory conditions. Recently, the 207Pb19F
radical was put forward as a possible candidate for such experiments [4].

Proven experimentally is the existence of closely-spaced (ω = 266, 285 MHz) opposite-
parity levels in the ground-state electronic term of 207Pb19F [5]. This quasidegeneracy
is due to mutual cancellation of Ω-type doubling and magnetic hyper�ne interaction.
The dependences on α and mq/ΛQCD of these two energy-shifting contributions being
signi�cantly di�erent, the transition frequency ω gains additional sensitivity to variations
of these fundamental constants [4]. And to further increase the chances of a positive
experimental outcome, one might look for even smaller transition frequencies between
opposite-parity vibrational levels belonging to the ground electronic state.

Using relativistic ab initio methods we have calculated a variety of transitions between
opposite-parity levels in 207Pb19F electronic ground state vibrational manifold and assessed
their sensitivity to α and mq/ΛQCD variation, searching for the optimal transition to test
the variation of the fundamental constants.

The authors acknowledge Saint Petersburg State University for a research grant No.
0.38.652.2013. The work is supported by RFBR Grants No. 13-02-01406 and 13-03-01307.
L.V.S. is also supported by the grant of the President of RF No. MK-5877.2014.2.
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Ω-doubling and a limit for the enhancement of the electron EDM

e�ect in diatomic molecules

D.V. Chubukova and L. N. Labzowskya,b

aSt. Petersburg State University, Petrodvorets, Russia
bPetersburg Nuclear Physics Institute, Gatchina, Russia

A theoretical and experimental search for the P- and P,T- odd e�ects (P is the space
parity, T is the time re�ection) in heavy heteronuclear diatomic molecules with open
electron shells on the basis of the Standard Model started with the works [1]-[3]. In
[1] the P-odd e�ect was discussed, in [2] the P,T-odd e�ect due to the presence of the
electron Electric Dipole Moment (EDM) was investigated and in [3] a study of the P,T-
odd electron-nucleus scalar interaction in such molecules was performed and it was found
that the e�ect of this interaction cannot be distinguished from the electron EDM e�ect
in any experiment with particular molecule.

All these e�ects are strongly enhanced in such molecules due to the Λ-doubling (Ω-
doubling) of the ground or low metastable energy levels. Here Λ is a projection of the
orbital electron momentum on the molecular axis, Ω is total (including spin) projection
which replaces Λ for relativistic electron in heavy molecule. In principle, the larger Ω for
particular molecule in the ground (metastable) state, the stronger is the P- and P,T-odd
e�ects enhancement. However, there exists a saturation e�ect. Both electron EDM and
P,T-odd electron-nucleus interaction e�ects are observed in an external electric �eld and
the enhancement of both e�ects grows with the �eld strength until some critical �eld
value. In the recent accurate experiments with molecules YbF [4] (Ω = 1/2) and ThO [5]
(Ω = 1) which gave the upper bounds for the electron EDM and P,T-odd electron-nucleus
interaction constants much lower than before the enhancement coe�cients were about
1014. Here we understand the enhancement coe�cient as the ratio of the "e�ective"�eld
acting on the electron (26·109 V/cm for YbF and 84·109 V/cm for ThO) to the saturation
�eld (10−3 V/cm for both molecules).

In our present work we argue that 1014 is the maximum possible value of the enhance-
ment for any heteronuclear diatomic molecule with any ground (metastable)-state Ω value.
Our argumentation we support with an estimate of enhancement in the metastable Ω = 2
state of ThO molecule.
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Local tests of spatial variations of me/mp

S.A. Levshakova

aIo�e Physical-Technical Institute

The Einstein equivalence principle in terms of local position invariance will be discussed.
Current limits and expected future constraints on the fractional changes in the electron-to-
proton mass ratio, µ = me/mp, in the Milky Way and at high redshifts will be presented.
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Calculation of di�erential cross section for dielectronic

recombination with one-electron uranium

K.N. Lashchenko1, O.Yu. Andreev1

1Faculty of Physics, St. Petersburg State University, ul. Ulyanovskaya 1, Petergof,
St. Petersburg, 198504, Russia

Calculation of the dielectronic recombination with one-electron uranium within the
framework of QED is presented. We consider process where the initial state is presented
by a one-electron ion of uranium being in the ground state and by an incident electron.
The energy of the initial state is close to the energies of double-excited states ((2s, 2s),
(2s, 2p), (2p, 2p)). The �nal state is given by a two-electron ion in one of the single-excited
states ((1s, 2s), (1s, 2p)) and by emitted photon. The process of dielectronic recombination
is a resonant process. The resonances in the cross section correspond to the double excited
states. In the resonant area the dielectronic recombination gives the main contribution to
the cross section.

The calculation is performed with employment of the line-pro�le approach [1,2]. The
one-photon exchange correction for the low-lying states is taken into account in all orders
of the QED perturbation theory. The electron self-energy and vacuum polarization correc-
tions are considered in the �rst order of the perturbation theory.

We present results of the calculation of the total and di�erential cross section. The
polarization properties are also considered and the Stokes parameters are presented. The
contribution of the Breit interaction to the cross section and to the Stokes parameters is
investigated. The results are compared with available experimental and theoretical data.
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Renormdynamics of Coupling Constants and Masses

Nugzar Makhaldiania

aJINR, Dubna, Russia

In the Standard Model of Particle Physics (SM), the values of the coupling constants
and masses of particles depends on the scale according to the Renormdynamic motion
equations. In a Fundamental Theory the values of the Fundamental Physical Constants
also will be de�ned from the solutions of the corresponding renormdynamic motion
equations. In SM, minimal supersymmetric extension of the SM, standard pion-nucleon
�eld theory and other models is shown how to de�ne the values of coupling constants and
masses.
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QED calculation of the ground-state energy of Be-like ions

A. V. Malysheva, A. V. Volotkaa,b, D. A. Glazova,b,c,
I. I. Tupitsyna, V. M. Shabaeva, G. Plunienb

aDepartment of Physics, St. Petersburg State University, St. Petersburg, Russia
bInstitut f�ur Theoretische Physik, Technische Universit�at Dresden, Dresden, Germany

cState Scienti�c Centre �Institute for Theoretical and Experimental Physics� of National
Research Centre �Kurchatov Institute�, Moscow, Russia

The ab initio QED calculations of the ground-state binding energies of Be-like ions are
performed for the wide range of the nuclear charge number Z = 18− 96 [1]. To formulate
the QED perturbation theory the two-time Green function method is employed [2]. Instead
of the usual Furry picture, where only the nucleus is considered as a source of the
external �eld, here we add also some screening potential to the zeroth-order Hamiltonian.
The perturbation theory is constructed in powers of the di�erence between the full
QED interaction Hamiltonian and the screening potential. This approach accelerates the
convergence of the perturbative series. As the main screening potential the local Dirac-
Fock potential is used [3]. The calculations with other potentials (Kohn-Sham, Perdew-
Zunger) allow to estimate the uncertainty of our results.

The calculations incorporate the �rst two orders of the rigorous QED perturbation
theory. The third and higher orders of the interelectronic interaction are calculated within
the Breit approximation by means of the con�guration-interaction Dirac-Fock-Sturm
method [4, 5]. In addition, the e�ects of nuclear recoil and nuclear polarization are taken
into account. As a result, the most precise theoretical predictions for the ground-state
binding energies in Be-like ions have been obtained.

Investigations of highly charged berylliumlike ions (along with investigations of H-,
He- and Li-like systems) may serve for tests of QED at strong �elds. Furthermore, such
precise calculations might be useful for the tasks of mass spectrometry [6].
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Nuclear charge radii: experiment, data and systematics

Krassimira Marinova

Laboratory of Nuclear Reactions, Joint Institute for Nuclear Research, 141980 Dubna,
Moscow region

Nuclear ground state properties including charge radii, spins and moments can be
determined by applying atomic physics techniques such as laser spectroscopy. The rms
nuclear charge radii, together with other nuclear ground state properties, represent key
information on nuclear matter. They indicate pronounced nuclear structure e�ects, e.g.
shell closures and onset of deformation. The most precise determination of the charge
radii � exactly of radii changes � along an isotopic sequence is based on measurements of
isotope shifts in the atomic spectra. Tunable laser systems with their high available laser
intensity (≥ 10 mW/cm2) and extremely small line width (∼1 MHz) are an important
prerequisite for development of very precise and sensitive optical methods. The general
principle of the optical method for extraction of nuclear parameters will be described
brie�y. It is explained why extreme resolving power exceeding 106 can be reached by
modern laser spectroscopic methods and how it re�ects on the accuracy of the measured
rms nuclear radii. The conditions necessary for the study of unstable nuclei, the status
and trends of laser spectroscopy on radioactive nuclei are discussed.

The absolute values of nuclear charge radii can be derived by muonic spectra and
electronic scattering experiments. These methods, applicable to a limited number of
stable isotopes, are sensitive to di�erent properties of the nuclear ground-state charge
distributions. For this reason, a combination of data from di�erent experimental methods
generally yields more detailed and accurate knowledge of the nuclear radii than is available
from any single method alone. Combining both types of experimental data � radii changes
and absolute radii � an updated set of absolute nuclear charge radii values for 956 isotopes
of 92 elements from 1H to 96Cm has been obtained [1]. Two di�erent algorithms of
combined analysis are used [2, 3]. Such a procedure reduces possible systematic errors
arising from the di�ering approach of the evaluators [4]. The data obtained are not
simple compilation of individual measurements, but constitute a self-consistent set of
rms R-values giving a global survey of nuclear charge radii over the whole nuclide chart.
Remarkable correlations of the nuclear charge radii with other nuclear observables have
been recognized in isotopic as well as in isotonic behavior. The latter gives a convincing
experimental con�rmation that the applied combined analysis results in correct charge
radii values.

��������

[1] K. Marinova and I. Angeli, https://www-nds.iaea.org/radii/ (2014).

[2] E.G. Nadjakov et al., At. Data Nucl. Data Tables 56, 113 (1994).

[3] I. Angeli, At. Data Nucl. Data Tables 87, 185 (2004).

[4] I. Angeli and K.P. Marinova, At. Data Nucl. Data Tables 99, 69 (2013).

32



Ëýìáîâñêèé ñäâèã â èîíàõ ìþîííîãî ãåëèÿ (µ 3,4
2 He)+

À. À. Êðóòîâa, À. Ï. Ìàðòûíåíêîa,b, Ã. À. Ìàðòûíåíêîa, Ð. Í. Ôàóñòîâc

aÑàìàðñêèé ãîñóäàðñòâåííûé óíèâåðñèòåò
bÑàìàðñêèé ãîñóäàðñòâåííûé àýðîêîñìè÷åñêèé óíèâåðñèòåò èìåíè Ñ.Ï. Êîðîëåâà

cÂû÷èñëèòåëüíûé öåíòð ÐÀÍ èìåíè À.À. Äîðîäíèöèíà

Â ðàáîòàõ [1] áûëè èçìåðåíû ÷àñòîòû ïåðåõîäîâ ìåæäó óðîâíÿìè 2P è 2S â
ìþîííîì âîäîðîäå ν(2SF=1

1/2 − 2P F=2
3/2 ) = 49881.35(65) ÃÃö è ν(2SF=0

1/2 − 2P F=1
3/2 ) =

54611.16(1.05) ÃÃö, êîòîðûå ïîçâîëèëè ïîëó÷èòü áîëåå òî÷íîå çíà÷åíèå çàðÿäîâîãî
ðàäèóñà ïðîòîíà rp= 0.84087 (26)exp (29)th = 0.84087 (39) ôì. Îíî îòëè÷àåòñÿ íà 7σ îò
çíà÷åíèÿ ðåêîìåíäîâàííîãî CODATA [2]. Åñëè ïðè÷èíà ýòîãî ðàñõîæäåíèÿ ñâÿçàíà
ñ íàðóøåíèåì ìþîí-ýëåêòðîííîé óíèâåðñàëüíîñòè, òî ñïåêòðîñêîïè÷åñêèå èññëåäî-
âàíèÿ èîíîâ ìþîííîãî ãåëèÿ äîëæíû ýòî îáíàðóæèòü. Òåîðåòè÷åñêèå èññëåäîâàíèÿ
òîíêîé ñòðóêòóðû ñïåêòðà èîíîâ ìþîííîãî ãåëèÿ áûëè âûïîëíåíû â òå÷åíèå ìíîãèõ
ëåò (ñì., íàïðèìåð, [3, 4, 5, 6]) êàê íà îñíîâå óðàâíåíèÿ Äèðàêà, òàê è â ðàìêàõ òðåõ-
ìåðíîãî êâàçèïîòåíöèàëüíîãî ìåòîäà. Â ýòèõ ðàáîòàõ áûëè ïîëó÷åíû êàê îñíîâíûå
âêëàäû â ñïåêòð ýíåðãèè, òàê è ðÿä íàèáîëåå âàæíûõ ïîïðàâîê, ñâÿçàííûõ ïðåæäå
âñåãî ñ ýëåêòðîííîé ïîëÿðèçàöèåé âàêóóìà. Â äàííîé ðàáîòå íàìè ïðîâåäåí íîâûé
àíàëèòè÷åñêèé è ÷èñëåííûé ðàñ÷åò ïîïðàâîê ïîðÿäêà α5 è α6 â ëýìáîâñêîì ñäâèãå
(2S1/2 − 2P1/2) â äâóõ èîíàõ ìþîííîãî ãåëèÿ (µ4

2He)
+ è (µ3

2He)
+, êîòîðûå îïðåäå-

ëÿþòñÿ ðåëÿòèâèñòñêèìè ýôôåêòàìè, ýôôåêòàìè ïîëÿðèçàöèè âàêóóìà, ñòðóêòóðû
ÿäðà è îòäà÷è. Áûëè ïîëó÷åíû ïîëíûå çíà÷åíèÿ ëýìáîâñêîãî ñäâèãà â ýòèõ àòîìàõ
ñ òî÷íîñòüþ 0.001 ìýÂ.
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Controllable narrowing of magnetic Feshbach resonances in

atomic traps

Vladimir S. Melezhika

aBogoliubov Laboratory of Theoretical Physics, Joint Institute for Nuclear Research,
Dubna Moscow Region 141980, Russian Federation

By using our computational technique for ultracold scattering in low-dimensions [1,2]
we have developed and analyzed a theoretical model which yields the shifts and widths of
Feshbach resonances in atomic waveguides [3]. This model permits quantitative investiga-
tion of Feshbach resonances with di�erent tensorial structure and having broad, narrow
and overlapping character. We have calculated the shifts and widths of s-, d-, and g-wave
magnetic Feshbach resonances of Cs atoms emerging in harmonic waveguides as con�ne-
ment-induced resonances T (Br) = 0 at the �eld strengths Br and resonant enhancement
T (B∗) = 1 of the transmission T (B) at zeros a(B∗) = 0 of the free-space scattering length
a. We have found the linear dependence of the width Γ = ∆ka2⊥/abg of the resonance at
the magnetic �eld B∗ on the longitudinal atomic momentum k and quadratic dependence
on the waveguide width a⊥ (here ∆ = B∗ − Br0 is the width of the Feshbach resonance
at Br0 and abg is the background scattering length in free-space).

The found e�ect could potentially be used experimentally. Actually, one can control the
width Γ = ∆ka2⊥/abg of the resonance by varying the trap width a⊥. From the other side,
by measuring the width Γ one can extract from the obtained formulae the longitudinal

colliding energy E (k =
√
2mE/h̄) and estimate the temperature of the atomic cloud in

the trap.
We have also found that the relationship a = 0.68a⊥ for the position of the con�nement-

induced resonance in a harmonic waveguide (where T (Br) = 0) is ful�lled with high
accuracy for the Feshbach resonances of di�erent tensorial structure which holds in spite
of the fact that this property was originally obtained in the framework of the s-wave single-
channel pseudopotential approach [4]. Note, that this property was recently experimentally
con�rmed for d-wave Feshbach resonances in a gas of Cs atoms transformed in atomic
traps into con�nement-induced resonances [5].
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New precision experiments on the Casimir force sharpen

problems in foundations of quantum statistical physics

V. M. Mostepanenko

Department of Astrophysics, Central Astronomical Observatory at Pulkovo of the
Russian Academy of Sciences, St.Petersburg, 196140, Russia;

Institute of Physics, Nanotechnology and Telecommunications, St.Petersburg State
Polytechnical University, St.Petersburg, 195251, Russia

The Casimir force acting between uncharged closely spaced bodies in vacuum is a
quantum phenomenon originating from the zero-point and thermal �uctuations. It is
of the same nature as the van der Waals force, but acts at larger separations where
the relativistic retardation becomes important. During the last �fteen years a lot of
precision measurements of the Casimir force between metallic and dielectric test bodies
at short separations has been performed [1,2]. In the comparison between experiment
and fundamental Lifshitz theory it was unexpectedly found that for metallic test bodies
the data are in agreement with theoretical predictions only if the relaxation properties
of conduction electrons are omitted in computations. For dielectric test bodies the data
were found to be in agreement with theory only if the dc conductivity of materials is
disregarded (see [1,2] for review). At the same time, theoretically it was found that if
the contributions of relaxation of conduction electrons for metals and dc conductivity for
dielectrics are taken into account, the obtained Casimir entropy goes to nonzero quantities
depending on the parameters of a system when the temperature vanishes in violation of
the third law of thermodynamics (the Nernst heat theorem).

In this talk we review the most recent experiments on measuring the Casimir interaction
in con�gurations with magnetic surfaces [3-5]. The results of these experiments demonstrate
independence of any unaccounted systematic error or background e�ect. This leads to the
conclusion that some of the basic concepts of quantum statistical physics behind the
Lifshitz theory should be reconsidered.
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Constraints from Oklo reactor analysis on parameters of BSBM

model of varying α

Onegin M.S.ab

aPetersburg Nuclear Physics Institute
bKhlopin Radium Institute

New severe constraints on the variation of the �ne structure constant have been
obtained from reactor Oklo analysis in work [1]:

−0.7 · 10−8 < δα/α < 1.0 · 10−8

We investigate here how these constraints con�ne the parameter of BSBM model [2] of
varying α. This theory combines Bekenstein extension of electrodynamics with varying
alpha to include gravitational e�ects of new scalar �eld ψ. It respects covariance, gauge
invariance, causality and has only two free parameters: the fraction of electromagnetic
energy ζm in the total energy of matter including dark matter as well as the dimensional
parameter l which is having sense of fundamental length. Integrating the coupled system
of equations from the Big Bang up to the present time and taking into account the Oklo
limits we have obtained the following margin on the combination of the parameters of
BSBM model:

|ζm(
l

lpl
)2| < 6 · 10−7,

where lpl = (Gh̄
c3
)
1
2 ≈ 1.6 · 10−33 cm is a Plank length. The natural value of the parameter

ζm for ordinary matter is about 10−4 and could be as large as about |ζCDM | = 1 for cold
dark matter [2]. As a result it is followed from our analysis that the fundamental length l
of BSBM theory should be considerably smaller than the Plank length to ful�ll the Oklo
constraints on α variation.
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Higher-order constraints on precision of the time-frequency

metrology of atoms in optical lattices

V.D. Ovsiannikova, V.G. Palchikovb

aVoronezh State University, Voronezh, Russia
bVNIIFTRI, Mendeleevo, Moscow Region, Russia

Numerical estimates of nonlinear, anharmonic and multipole e�ects on precision of the
time-frequency standard of atoms trapped in an optical-lattice standing wave of a magic
wavelength (MWL) demonstrate strong in�uence of the atom-lattice interaction on the
clock-level shifts.

The dependence of the lattice-induced shift of the clock frequency on the lattice-laser
intensity I up to quadratic terms may be written as

∆ν = c1/2I
1/2 + c1I + c3/2I

3/2 + c2I
2, (3)

where the intensity-independent coe�cients c are the functions of the lattice-wave polarization
and the quantum number of vibrations in the lattice traps. In addition, the coe�cients
are strongly dependent on the de�nition of the MWL. Three di�erent strategies for
determining the MWL are proposed for minimizing and taking into account the in�uence
of indicated e�ects in order to reduce the uncertainties of the clock frequency measurements
to the level of 10−17 ÷ 10−18:

1. Equalization of the clock-level shifts in a traveling wave.

2. Equalization of the clock-level shifts in a standing wave.

3. Equalization of the clock-level dipole polarizabilities.

The dependence of the lattice-induced shifts (3) (in mHz) on the intensity I (in
kW/cm2) of the clock frequency in Sr atoms, trapped to their lowest vibration states,
are presented in the �gure for the lattice-wave linear, elliptic and circular polarization at
the MWL determined in a standing wave (where c1/2 = 0).
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Similar dependencies have been also determined for Yb and Hg atoms and may be used
for reducing the clock-frequency fractional uncertainties to the level of 10−17 ÷ 10−18.
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Electric dipole moment search in molecular beam of thorium

monoxide: Zeeman interaction in ThO H3∆1

A.N. Petrova,b, L.V. Skripnikova,b, A.V. Titova,b

aPetersburg Nuclear Physics Institute, Gatchina, Leningrad district 188300, Russia
bDept. of Physics, Saint Petersburg State University, Petrodvoretz 198504, Russia

One of the most intriguing fundamental problems of modern physics is the search for
a permanent electric dipole moment (EDM) of elementary particles. The most sensitive
probes of the electron EDM are precision measurements of spin precession, in which
the energy level shifts caused by interaction of a valence electron (or electrons) with a
large e�ective internal electric Eeff �eld is determined. The most rigid upper bound on the
electron EDM, |de| < 8.7×10−29 e·cm (90% con�dence), is attained in the experiments on
pulsed molecular beam of thorium monoxide (ThO) molecules in the metastable electronic
H3∆1 state [5]. Polar molecules have a number of advantages over atoms for electron EDM
searches, including a larger Eeff , and resistance to a number of important systematics.
Some molecules, for example ThO [5], have additional advantages due to the existence
of closely-spaced levels of opposite parity, called Ω-doublets. Molecules with Ω-doublets
can typically be polarized in modest laboratory electric �elds (1 − 100 V/cm), and,
in addition, the eEDM measurement can be carried out in di�erent Ω-doublets where
the molecular dipole is either aligned or anti-aligned with the external laboratory �eld,
which heavily suppresses many e�ects related to magnetic �elds or geometeric phases
but doubles the electron EDM signature. However, the upper and lower Ω-doublet states
have slightly di�erent magnetic g-factors. Therefore systematic e�ects related to magnetic
�eld imperfections and geometric phases can still mimic the eEDM signal. The di�erence
of g-factors, ∆g, depends on the lab electric �eld and these systematics can be further
suppressed by operating the experiment at an electric �eld where the ∆g is minimized.
It is clear that understanding the g-factor dependence on electric �elds is important for
understanding possible systematic e�ects in polar molecule-based electron EDM searches.
We have considered g-factors of the Ω-doublets of the ThO in J = 1, 2 rotational levels
in the external electric �eld. We have found that ∆g for J = 2 can be made zero for
particular electric �eld and much smaller than that for J = 1 for other electric �elds
values [2]. The small value of ∆g means that the H, J = 2 state should be even more
robust against a number of systematic errors compared to H, J = 1.

This work is supported by the SPbU Fundamental Science Research grant from Federal
Budget No. 0.38.652.2013, RFBR Grant No. 13-02-01406. L.S. is also grateful to the
President of RF grant No. MK-5877.2014.2.
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Linear Paul trap for con�nement of Al+ and Mg+ ions

T. Shpakovsky,a, c K.Khabarova,a, b, c V. Sorokin,a, c I. Zalivako,a N.Kolachevskya, b

a P.N. Lebedev Physical Institute, 119991 Moscow, Leninsky prospekt 53, Russia
b VSUE VNIIFTRI, Mendeleevo, Moscow Region, Russia

c Russian Quantum Center, ul. Novaya 100, Skolkovo, Moscow region, Russia

Today one of the most precise frequency sources is an optical 27Al+ single-ion clock
based on the 1S0 → 3P0 clock transition with a natural line width of 8 mHz. Extremely low
sensitivity of this transition to BBR shift allowed to demonstrate frequency instability of
8.3×10−18 [1] thus opening new perspectives for precision metrology, tests of fundamental
theories and gravimetry.

To achieve ultimate characteristics of an optical standard one should reach deep laser
cooling of ions. Though, the laser cooling transition at 165 nm in Al+ in not accessible by
existing narrow line cw lasers. For deep ground state cooling of an Al+ ion, an additional
laser cooled Mg+ ion is used (method of sympathetic cooling). Cooling transition 3S1/2

→ 3P3/2 in Mg+ has a wavelength of 279.6 nm, which is easily accessible by the fourth
harmonic of a semiconductor laser [2]. According to [3] a Mg+ is also used for reading
quantum information about excitation of the clock transition (the method of quantum
logic).

In frames of cooperation between National Russian Metrology Institute (VNIIFTRI)
and P.N. Lebedev institute we started a project aimed for study of clock transition in
single Al+ ion. Current progress in development of the linear quadrupole ion trap (�g. 1),
and laser sources for cooling and interrogation of the ions is presented in this report.

Ðèñ. 1: Linear quadrupole Paul trap for simultaneous con�nement of aluminum and
magnesium ions
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Experimental bounds for spacetime torsion

Yuri N. Obukhova, Alexander J. Silenkob,c, Oleg V. Teryaevb

aNuclear Safety Institute, RAS, Moscow, Russia
bJoint Institute for Nuclear Research, Dubna, Russia

cResearch Institute for Nuclear Problems, BSU, Minsk, Belarus

Mathematical methods developed in relativistic quantum mechanics [1] are used for
description of a Dirac fermion in strong gravitational �elds with a spacetime torsion [2].
The general Hermitian Dirac Hamiltonian is derived and is transformed to the Foldy-
Wouthuysen representation. General dynamics of the particle spin is determined. The
problem of anomalous gravitomagnetic and gravitoelectric moments is considered. New
strong bounds on the possible background spacetime torsion for the minimally coupled
Dirac fermion are established. The results obtained are based on the recently ful�lled
experiments [3]. They are consistent with the earlier estimates of the torsion derived from
the Hughes-Drever type experiments [4] and with the experimental limits found in the
framework of the search of the Lorentz symmetry violations [3,5].
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Theoretical study of ThO for the electron electric dipole moment

search

L.V. Skripnikova,b, A.N. Petrova,b, A.V. Titova,b

aPetersburg Nuclear Physics Institute, Gatchina, Leningrad district 188300, Russia
bDept. of Physics, Saint Petersburg State University, Saint Petersburg, Petrodvoretz

198504, Russia

Search for permanent electric dipole moment (EDM) of electron is one of the most
intriguing fundamental problems of modern physics. A nonzero value of EDM implies
manifestation of interactions which are not symmetric with respect to both spatial (P)
and time (T) inversions. The observation of the electron EDM at a level signi�cantly
greater than 10−38 e·cm would indicate the presence of a New physics beyond the Standard
model. Popular extensions of the Standard model predict the magnitude of the electron
EDM at the level of 10−26− 10−29 e·cm [1]. In 70th it was shown that diatomic molecules
containing heavy atoms are very promising for such experiments. In the systems one can
achieve very strong e�ective electric �eld (Eeff) acting on unpaired electrons which leads to
the enhanced e�ect. However, a feature of all these experiments is that the interpretation
of their results in terms of electron EDM requires knowledge of the magnitude of the
internal e�ective electric �eld, which cannot be measured experimentally.

We report a progress of the two-step method [2] developed by our group for calculation
of properties such as Eeff , hyper�ne structure constants, etc. in diatomic molecules and
atoms. This approach includes relativistic correlation calculation of valence electronic
structure using generalized relativistic e�ective core potential approach followed by the
non-variational restoration of four-component electronic structure in the vicinity of heavy
atom. Results of the calculations of the e�ective electric �eld, g-factor and other parameters
of the 3∆1 state of ThO molecule [3, 4] are given. Combination of the calculated Eeff(ThO)
with the spin precession measurement of ThO performed by ACME collaboration [5] leads
to the most rigid limit on electron EDM: less than 9× 10−29 e·cm. The limit is an order
of magnitude better than the previous best limit.

This work is supported by the SPbU Fundamental Science Research grant from Federal
Budget No. 0.38.652.2013, RFBR Grant No. 13-02-01406. L.S. is also grateful to the
President of RF grant no MK-5877.2014.2.
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Searches for dark matter in pp collisions at
√
s = 8 TeV with the

ATLAS experiment at the LHC

Lidia Smirnova

M.V. Lomonosov Moscow State University, Moscow, Russia

Although the presence of dark matter in the Universe is well established, little is
known of its particle nature or its nongravitational interactions. One of the best motivated
candidates for such particle is a weakly interacting massive particle (WIMP). At the Large
Hadron Collider (LHC), one can search for WIMPs (denoted as χ) that are pair produced
in pp collisions. The WIMPs are invisible to the detectors, but the events can be detected
if there is associated initial-state radiation of a SM particle.

Searches are presented for WIMP pairs, produced in pp collisions at center mass
energy 8 TeV and registered with the ATLAS detector at the LHC with integrated
luminosity 20.3 fb−1.

There are three types of searches: for dark matter pair production in association with
a W or Z boson, recorded as a hadronic jet [1], for production of dark matter particles
recoiling against a leptonically decaying Z boson to two oppositely charged electrons or
muons [2], for dark matter pair production in association with bottom or top quarks [3]
and with presence of large missing transverse momentum in all types of events.

In each analysis the data are found to be consistent with the Standard Model expecta-
tions. The following limits from each of analysis are found, correspondingly.

Limits are set on the mass scale in the e�ective �eld theories that describe the
interaction of dark matter and standard model particles, and on the cross section of
Higgs production and decay to invisible particles.

Limits are set on the mass scale of the contact interaction as a function of the dark
matter particle mass using an e�ective �eld theory description of the interaction of dark
matter with quarks or with Z bosons. Limits are also set on the coupling and mediator
mass of a model in which the interaction is mediated by a scalar particle.

Limits on the dark-matter¨nucleon cross-section for spin-independent and spin-depen-
dent interactions are established. These limits are particularly strong for low-mass dark
matter. Using a simpli�ed model, constraints are set on the mass of dark matter and of a
coloured mediator suitable to explain a possible signal of annihilating dark matter.
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Hydrogen and Antihydrogen spectra in presence of external �elds
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First, a theoretical comparison of the hydrogen (H) and antihydrogen (H̄) atoms in an
external magnetic �eld is made. The 21 cm absorption line is the subject of discussion. It
is shown that the di�erence of radiation polarization in this line in an external magnetic
�eld can be used for the search of antihydrogen atom in the universe [1].

Second, we analyze the e�ect of the Rydberg ns states mixing for the hydrogen atom
in the presence of an external electric �eld. In presence of an external electric �eld the
additional terms arise in the di�erential transition probability. This leads to the di�erence
in the spectroscopic properties of H and H̄ atoms [2].

Third, it is shown that forbidden by the selection rules E1 decay is allowed in the
presence of an electric �eld. The linear in the �eld term vanishes after the integration
over photon emission directions and does not contribute to the total decay rate. However,
the quadratic in the �eld term leads to the essential change of the level width in very weak
electric �eld for the highly excited states. The results were obtained analytically and can
be applied to any excited state of hydrogen atom [3].
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Ñâåðõòîíêàÿ ñòðóêòóðà S- è P-ñîñòîÿíèé ìþîííîãî äåéòåðèÿ
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aÑàìàðñêèé ãîñóäàðñòâåííûé óíèâåðñèòåò
bÑàìàðñêèé ãîñóäàðñòâåííûé àýðîêîñìè÷åñêèé óíèâåðñèòåò èìåíè Ñ.Ï. Êîðîëåâà

cÂû÷èñëèòåëüíûé öåíòð ÐÀÍ èìåíè À.À. Äîðîäíèöèíà

Â ïîñëåäíèå ãîäû ýêñïåðèìåíòàëüíîé êîëëàáîðàöèåé CREMA (Charge Radius
Experiment with Muonic Atoms) äîñòèãíóò ñóùåñòâåííûé ïðîãðåññ ïðè èçó÷åíèè ýíåð-
ãåòè÷åñêîé ñòðóêòóðû ìþîííîãî âîäîðîäà. Èçìåðåíèå ÷àñòîòû ïåðåõîäà (2P F=2

3/2 −
2SF=1

1/2 ) â ìþîííîì âîäîðîäå ïîçâîëèëî ïîëó÷èòü íà ïîðÿäîê áîëåå òî÷íîå çíà÷åíèå
çàðÿäîâîãî ðàäèóñà ïðîòîíà rp = 0.84087(39) ôì, êîòîðîå îòëè÷àåòñÿ íà 7 ñòàíäàðò-
íûõ îòêëîíåíèé îò çíà÷åíèÿ ðåêîìåíäîâàííîãî CODATA [1, 2]. Èçìåðåíèå ÷àñòîòû
ïåðåõîäà 2P F=1

3/2 −2SF=0
1/2 äëÿ 2S-ñîñòîÿíèÿ ïîçâîëèëî íàéòè ñâåðõòîíêîå ðàñùåïëåíèå

2S-óðîâíÿ, âåëè÷èíó ðàäèóñà Çåìàõà rZ = 1.082(37) ôì è çíà÷åíèå ìàãíèòíîãî ðàäè-
óñà ïðîòîíà rM = 0.87(6) ôì. Äàííûå ïî ïðåöèçèîííûì èçìåðåíèÿì óðîâíåé ýíåðãèè
â ìþîííîì äåéòåðèè, èîíàõ ìþîííîãî ãåëèÿ óæå ïîëó÷åíû è íàõîäÿòñÿ íà ñòàäèè îá-
ðàáîòêè. Îíè ïîçâîëÿò îïðåäåëèòü çàðÿäîâûå ðàäèóñû ýòèõ ÿäåð ñ òî÷íîñòüþ 0.0005
ôì, ñòèìóëèðóþò íîâûå òåîðåòè÷åñêèå ðàñ÷åòû ýôôåêòîâ ñòðóêòóðû è ïîëÿðèçó-
åìîñòè ÿäðà, à òàêæå ïîèñê ïóòåé ðàçðåøåíèÿ "çàãàäêè ðàäèóñà ïðîòîíà êîòîðûå
ëåæàò çà ðàìêàìè Ñòàíäàðòíîé Ìîäåëè.

Â íàñòîÿùåé ðàáîòå íàìè ïðîâåäåí àíàëèòè÷åñêèé è ÷èñëåííûé ðàñ÷åò ïîïðà-
âîê ïîðÿäêà α5 è α6 ñâåðõòîíêîì ðàñùåïëåíèè S- è P-ñîñòîÿíèé â àòîìå ìþîííîãî
äåéòåðèÿ â ðàìêàõ êâàçèïîòåíöèàëüíîãî ìåòîäà â êâàíòîâîé ýëåêòðîäèíàìèêå. Â
ðàáîòå ðàññìàòðèâàþòñÿ òàêèå ýôôåêòû ïîëÿðèçàöèè âàêóóìà, îòäà÷è, ñòðóêòóðû
ÿäðà, êîòîðûå èìåþò âàæíîå çíà÷åíèå äëÿ äîñòèæåíèÿ âûñîêîé òî÷íîñòè ðàñ÷åòà.
Ðåçóëüòàòû ðàáîòû óòî÷íÿþò âû÷èñëåíèÿ â [3] çà ñ÷åò ó÷åòà íîâûõ âêëàäîâ. Ïîëó-
÷åííûå íàìè ÷èñëåííûå çíà÷åíèÿ ñâåðõòîíêèõ ðàñùåïëåíèé [4] ìîæíî èñïîëüçîâàòü
äëÿ ñðàâíåíèÿ ñ ýêñïåðèìåíòàëüíûìè äàííûìè CREMA.
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Interplay of torsion, equivalence principle and Lorentz symmetry

violation in spin dragging

Oleg Teryaev

BLTP, Joint Institute for Nuclear Research, Dubna

The physical e�ects relevant for spin dragging are discussed, with the particular
emphasis on modern comagnetometer experiments. The possibility that di�erent e�ects
mimic each other and the options of their disentangling are addressed. The respective
bounds are compared and discussed.
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Ñâåðõòîíêàÿ ñòðóêòóðà èîíîâ ìþîííîãî ëèòèÿ

À.Ï. Ìàðòûíåíêîa,b, À.À. Óëûáèía

aÑàìàðñêèé ãîñóäàðñòâåííûé óíèâåðñèòåò
b Ñàìàðñêèé ãîñóäàðñòâåííûé àýðîêîñìè÷åñêèé óíèâåðñèòåò

Èîíû ìþîííîãî ëèòèÿ (µ e 6
3Li)

+, (µ e 7
3Li)

+ ïðåäñòàâëÿþò ñîáîé ïðîñòåéøèå
òð¼õ÷àñòè÷íûå ñèñòåìû, ñîñòîÿùèå èç ýëåêòðîíà, îòðèöàòåëüíî çàðÿæåííîãî ìþîíà
è ïîëîæèòåëüíî çàðÿæåííîãî ÿäðà ëèòèÿ. Ýòè àòîìû èìåþò ñëîæíóþ ñâåðõòîíêóþ
ñòðóêòóðó, îáóñëîâëåííóþ âçàèìîäåéñòâèåì ìàãíèòíûõ ìîìåíòîâ âñåõ òð¼õ ÷àñòèö.
Ðàñ÷¼òû ñâåðõòîíêîãî ðàñùåïëåíèÿ îñíîâíîãî ñîñòîÿíèÿ èîíîâ ìþîííîãî ëèòèÿ áûëè
âûïîëíåíû â ðàìêàõ âàðèàöèîííîãî ìåòîäà â [1]. Ñâåðõòîíêàÿ ñòðóêòóðà îñíîâíîãî
ñîñòîÿíèÿ (µ e 6,7

3 Li)+ îïðåäåëÿåòñÿ ñëåäóþùèì ãàìèëüòîíèàíîì:

∆Hhfs
0 =

2πα

3

gµgN
mµmp

(Sµ ·I)δ(xµ)−
2πα

3

gegµ
memµ

(Se ·Sµ)δ(xµ−xe)+
2πα

3

gegN
memp

(Se ·I)δ(xe),

(4)
ãäå ge, gµ è gN - ãèðîìàãíèòíûå ôàêòîðû ýëåêòðîíà, ìþîíà è ÿäðà. Ïîëíûé ìîìåíò
òðåõ ÷àñòèö ðàâåí 2, 1 è 0 äëÿ (µ e 6

3Li)
+ è 5/2, 3/2 è 1/2 äëÿ (µ e 7

3Li)
+. Ñâåðõòîíêîå

ðàñùåïëåíèå óðîâíåé ýíåðãèè â èîíàõ ìþîííîãî ëèòèÿ îïðåäåëÿåòñÿ ñëåäóþùèìè
ìàòðè÷íûìè ýëåìåíòàìè:

ν =< ∆Hhfs
0 >= a < I · Sµ > −b < Sµ · Se > +c < Se · I > . (5)

Öåëü íàñòîÿùåé ðàáîòû ñîñòîèò â ïðåöèçèîííîì ðàñ÷¼òå êîýôôèöèåíòîâ b, c, êî-
òîðûå îïðåäåëÿþò ìàëûå èíòåðâàëû ñâåðõòîíêîé ñòðóêòóðû, â ðàìêàõ òåîðèè âîç-
ìóùåíèé, ñôîðìóëèðîâàííîé â [2, 3]. Áûëè èññëåäîâàíû ñëåäóþùèå ïîïðàâêè:

• Ïîïðàâêè íà îòäà÷ó ïîðÿäêà me

mµ
α4, m2

e

m2
µ
ln m2

e

m2
µ
α4, m2

e

m2
µ
α4,

• Ïîïðàâêè ýëåêòðîííîé ïîëÿðèçàöèè âàêóóìà ïîðÿäêà α6,

• Ïîïðàâêè íà ñòðóêòóðó è îòäà÷ó ÿäðà,

• Ýëåêòðîííûå âåðøèííûå ïîïðàâêè ïîðÿäêà α5.

×èñëåííûå çíà÷åíèÿ èíòåðâàëîâ ìàëîé ñâåðõòîíêîé ñòðóêòóðû ðàâíû∆ν1 = 14152.55
ÌÃö è ∆ν2 = 21573.23 ÌÃö (µ e 6

3Li)
+; ∆ν1 = 13996.28 ÌÃö è ∆ν2 = 21732.18 ÌÃö

(µ e 7
3Li)

+. Ïîëó÷åííûå ðåçóëüòàòû ìîãóò ñëóæèòü íàä¼æíîé îöåíêîé ïðè ñðàâíå-
íèè ñ áóäóùèìè ýêñïåðèìåíòàëüíûìè äàííûìè è ïðîâåðêè ïðåäñêàçàíèé êâàíòîâîé
ýëåêòðîäèíàìèêè.
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Shadow size measurements as a tool to evaluate Λ-term

Alexander F. Zakharova,b

aInstitute of Theoretical and Experimental Physics, Moscow, 117218, Russia
bBogoliubov Laboratory of Theoretical Physics, JINR, Dubna, 141980 Russia

The black hole at the Galactic Center is the closest supermassive black hole. So, there
is an opportunity to check predictions of general relativity for the object and to evaluate
black hole parameters. Using Schwarzschild � de-Sitter (Kottler) metric we derive a simple
analytical relation between a shadow size and Λ-term. Current observations of the smallest
spot to evaluate shadow size at the Galactic Center do not reach an accuracy comparable
with cosmological Λ-term ∼ 10−52m−2, however, if in reality we have dark energy instead
of a constant Λ-term then dark energy may be a function depending on time and space
and it could be approximated with a local constant Λ-term near the Galactic Center
and it is important to introduce a procedure to evaluate the Λ-term. We suggest such a
procedure based on a black hole shadow evaluation. Surprisingly, current observational
estimates of shadows are in agreement with anti-de-Sitter spacetimes corresponding to a
negative Λ-term which is about −0.4× 10−20m−2. A negative Λ-term has been predicted
in the framework of a some class of multidimensional string models.
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Spin-Statistic Selection Rules for Multi-Equal-Photon Transitions
in Atoms: Extension of the Landau-Yang Theorem to

Multiphoton Systems

T. Zalialiutdinov1, D. Solovyev1, L. Labzowsky1,2 and G. Plunien3

1Department of Physics, St.Petersburg State University, Ulianovskaya 1, Petrodvorets,
St.Petersburg 198504, Russia

2Petersburg Nuclear Physics Institute, 188300, Gatchina, St. Petersburg, Russia
3Institute f�ur Theoretische Physik, Technische Universit�at Dresden, Mommsenstrasse 13,

D-10162, Dresden, Germany

We establish the existence of spin-statistic selection rules (SSSR) for multi-equal-
photon transitions in atomic systems. These rules are similar to the rules for systems of
many equivalent electrons in atomic theory, which appears as the direct consequence of
Pauli exclusion principle. In this sense the SSSR plays the role of an exclusion principle
for photons: they forbid some particular states for the photon systems. We established the
SSSR for few-photon systems for three cases: 1) SSSR-1: two-equivalent photons involved
in any atomic transition can have only even values of the total angular momentum J .
This SSSR is an extension of the Landau-Yang theorem [1], [2] to the photons involved
in atomic transitions. 2) SSSR-2: three equivalent dipole photons involved in any atomic
transition can have odd values of the total angular J = 1, 3 . 3 ) SSSR-3: four equivalent
photons involved in any atomic transition can have only even values of the total angular
momentum J=0, 2, 4. We also suggest a method for a possible experimental test of
SSSR with employment of lasers. As numerical examples we considered the two-photon
decay of 23S1, 2

1S0 and 23D3 states and three photon transitions 2
3P2 → 11S0 + 3γ(E1),

23P1 → 11S0+3γ(E1) in the helium-like uranium ion. These calculations were performed
fully relativistic but with full neglect of the interelectron interaction since it scales like
1/Z. Accordingly, for He-like HCI together with the neglect of the interelectron interaction
the calculations become as simple as for one-electron ions. On the other hand the He-like
ions have essentially more reach spectrum which allows to �nd many possibilities for the
application of the SSSR. The latter, however are based on the symmetry properties will
remain the same even after the inclusion of the interelectron interaction. Of course, the
predicted values for the transition rates obtained in such an approximation will be far
from being accurate for the neutral helium, but will become increasingly more accurate
for the HCI with high Z values, in particular for uranium, where Z = 92. The SSSR should
hold not only for two-electron atoms and ions but also for the multiphoton processes in
any many-electron atoms or ions. Here we focus on two-electron HCI because in these
systems the action of the SSSR becomes more transparent.
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