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Tests of the theory of Quantum-Electrodynamics

Monday 14 May 2018 16:05 (30 minutes)

We describe recent developments in tests of quantum-electrodynamics (QED),

the theory of the interactions of matter with electro-magnetic fields and forces. The tests focus on
consistency in the determination of parameters or constants within QED obtained via multiple in-
dependent means and, in particular, by comparisons of precision measurements with, equivalently
accurate, theoretical calculations. The most-precise tests rely on a combination of the spectroscopy
of atomic hydrogen, g-factor measurements of a free electron as well as that of an electron bound
in a hydrogen-like ion, and finally the mass determination of the ions through atom recoil ex-
periments and mass spectroscopy. These experiments determine the dimensionless finestructure
constant and the mass of the electron to about ten significant digits, orders of magnitude better
than any other description of nature. We also show that an international system of units (SI) based
on fixed values of the Planck constant and the charge of the electron (in addition to the fixed value
of the speed of light in vacuum) modifies the interpretation of some of these tests.
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Nuclear-anapole-moment Effects in Diatomic
Molecules

Tuesday 15 May 2018 18:00 (5 minutes)

In diatomic systems, the rich and varied spectra and nearly degenerate energy levels provide huge
enhancements for tiny physical effects, making it possible to look for new physics beyond the
Standard Model in a single experiment. Nuclear-spin dependent parity-violating interactions and
nuclear-anapole-moment effects in diatomic molecules in particular provide precise test of the
electroweak Theory of the Standard Model. For instance, the weak interaction coefficient WA can
be used to extract helpful information, which determines nuclear-spin dependent parity-violating
interactions, from experiments. It, specifically, depends on electronic structure and can be ob-
tained from evaluating the matrix elements of the ap(r) operator in the molecular spinor basis.
In this work, the WA coeflicients for the selected alkaline earth metal fluorides are reported with
relativistic Coupled Cluster methods and their properties are also discussed.
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Accurate spectroscopy of deuterium molecule

Friday 18 May 2018 09:25 (25 minutes)

The accuracy of the molecular spectroscopy on weak transitions (too weak to saturate) in molecules
which cannot be cooled and trapped, is presently limited to the sub-megahertz level, without clear
perspectives for further substantial improvements. We demonstrate a new method with the po-
tential to achieve kilohertz-level accuracy. We bring the Doppler-regime measurements into the
high-pressure region, where the signal-to-noise-ratio is much higher. The expected deterioration
of accuracy by collision-induced systematics [Wcislo2016] is mitigated with ab initio line-shape
and quantum scattering calculations [Thibault2017]. We test our approach on a case of weak
quadrupole transition in Dg, which is a benchmark system for testing quantum electrodynam-
ics in molecules. We validate our methodology at the 400°kHz level by comparing our results with
the best previous determination [Mondelain2016]. We demonstrate that our approach achieves
higher accuracy despite much milder experimental requirements (in Ref.[Mondelain2016], the ef-
fective optical path was 20 times longer). For the same experimental apparatus, the accuracy of our
approach will be at least one order of magnitude better. For the first time, we applied ab initio quan-
tum scattering calculations to address the collisional line-shape effects [Blackmore1989,May2013]
in ultra-accurate spectra analysis collected at high pressures. The experimental and theoretical
values of the 2-0 S(2) line position in Dg reported here constitute the most precise comparison of
the experimental and theoretical ab initio determinations of rovibrational splitting for any neutral
molecule. We observe a 3.40 discrepancy, which, together with previously reported discrepancies
[Puchalski2017], indicates that the theoretical accuracy is underestimated because of the uncalcu-
lated terms.

[Wcislo2016] P. Weislo, I. E. Gordon, C.-F. Cheng, S.-M. Hu, and R. Ciurylo, Phys. Rev. A 93 (2016)
022501.

[Thibault2017] F. Thibault, K. Patkowski, P. S. Zuchowski, H. Jozwiak, R. Ciurylo, P. Wcislo, J.
Quant. Spectrosc. Radiat. Transf. 202 (2017) 308.

[Mondelain2016] D. Mondelain, S. Kassi, T. Sala, D. Romanini, D. Gatti, and A. Campargue, J. Mol.
Spectrosc. 326 (2016) 5.

[Blackmore1989] R. Blackmore, S. Green, and L. Monchick, J. Chem. Phys. 91 (1989) 3846.
[May2013] A. D. May, W.-K. Liu, F. R. W. McCourt, R. Ciurylo, J. Sanchez-Fortn Stoker, D. Shapiro,
and R. Wehr, Can. J. Phys. 91 (2013) 879.

[Puchalski2017] M. Puchalski, J. Komasa, and K. Pachucki, Phys. Rev. A 95 (2017) 052506.
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Constraints for fundamental short-range forces from
the neutron whispering gallery, and extention of this
method to atoms and antiatoms

Monday 14 May 2018 15:10 (25 minutes)

Extra fundamental short-range interactions mediated by new bosons are predicted in many exten-
tions of the Standard Model of particle physics. They are also predicted in theories with large extra
spatial dimentions and theories involving the light dark matter hypothesis.

To search for such interactions at different charateristic distances, the experimentalists use many
methods including measurements of gravitational interaction at short distances, the search for
extra interactions on top of the van der Waals/Casimir-Polder interaction, the search for rare pro-
ceeses in neutrino detectors, precision measurements with atoms, molecules and neutrons. Com-
parison of the sensitivities of different experiments to extra short-range forces in the standard
Yukawa parametrization is published, for example, in ref. [1].

A competitive method of searching at characteristic distances of about 10 nm is the precision mea-
surement of the neutron whispering gallery [2]. This phenomenon is analogous to the well-known
phenomenon of the whispering gallery of electromagnetic waves of a broad frequency range, as
well as the sound wave. However, a material wave, for example a neutron wave, provides an
additional possibility due to the existence of a nonzero neutron mass: for a neutron, the energy
values of the whispering-gallery quantum states depend on the mass of the neutron and the inter-
actions of this mass with the surface. Moreover, the neutron in such quantum states is localized
at a distance from the surface of the order of tens of nanometers. Even a tiny extra force between
the neutron and the surface at such distances would lead to a measurable shift in the energy of
whispering-gallery quantum states.

We present the results of experiments performed with cold neutrons and estimate their sensitivity
to extra short-range forces. We affirm that this method can also be extended to experiments with
atoms and antiatoms [3]. The sensitivity of atomic experiments may be even higher than thus
providing a similar, or even higher than the sensitivity of neutron experiments. More details could
be found in [4].
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Testing QED with precision spectroscopy of the
helium atom

Thursday 17 May 2018 14:00 (25 minutes)

Precision spectroscopy in few-body atomic systems, like hydrogen and helium, enables the testing

of the quantum electrodynamics(QED) theory and determination of the fundamental physical con-

stants, such as the Rydberg constant™\cite{2013H]}, the proton charge radius™\cite{2009Biraben_HydrogenReview},
and the fine-structure constant™\cite{2010Pachucki,2017Zheng}. It also sets constraints on new

physics beyond the standard Model(BSM). High-precision spectroscopy of atomic helium, com-

bined with ongoing theoretical calculations for the point nucleus may allow an alternative deter-

mination of the helium nuclear charge radius, which could be more accurate than from the electron

scattering. Moreover, the comparison of results from electronic and muonic helium will provide a

sensitive test of universality in the electromagnetic interactions of leptons.

The 235-23 P transition of He is particularly suitable for this purpose, because it is relatively sen-
sitive to the nuclear charge radius and can be calculated within the QED theory up to ma” order.
These calculations will bring the theoretical accuracy to the 10-kHz level and may allow the deter-
mination of the helium nuclear charge radius with an accuracy of 1073.

Recently, We perform an laser spectroscopy measurement of the 23S-23P transition of * He in an
atomic beam. The configuration of the experimental setup is shown in Fig.1. The new centroid
frequency of the 23S-23P may lead to a determination of the nuclear charge radius of He(r;.)

7 corrections have been

with a relative accuracy of 1073,0once the theoretical calculations for ma
accomplished. This will enable a comparison of the 7, values obtained from electronic and from
muonic helium in the future. Such a comparison will help to resolve the proton charge radius
puzzle, while in the case of disagreement with muonic determination it will open a window for
new physics beyond the standard Model by violation of the lepton universality in electro-magnetic
interactions.

\end{multicols}
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Towards a search for Dark Matter using atomic Dysprosium
A. Sharma a,b, M. Leyser a,b, A. V. Viatkina a,b, L. Bougas a,b and D. Budker a,b

a Helmbholtz Institut Mainz (HIM), Johannes Gutenberg Universitat, Mainz 55128, Germany
b Institut fur Physik, Johannes Gutenberg Universitat, Mainz 55128, Germany

Studies of rotation curves of galaxies, initiated by Oort & Zwicky (1930’s) and later by Rubin (1970’
s) led to the Dark Matter (DM) hypothesis and the subsequent evidence for the existence of Dark
Matter and Dark Energy. Search for the elusive dark matter candidates has been going on since
the early 1970‘s. Oddly, the Standard Model (SM) with all its tremendous successes (most notably,
in the recent past, being the discovery of the Higgs boson at the LHC, CERN) has so far failed to
provide an insight into the candidates that may directly or indirectly relate to Dark Matter or Dark
Energy.

Experimental efforts (including the ones at the LHC, CERN) initiated towards the search of ax-
ions and WIMPs (Weakly Interacting Massive Particles), both of which are potential Dark Matter
candidates, have still not produced any definitive outcome related to the origin of Dark Matter
and the still yet elusive, Dark Matter particles. In our group, we are trying to search for possible
Dark Matter (DM) candidates through precision atomic spectroscopy on dysprosium (Dy) atoms.
Dysprosium (Dy) is an atomic system that has in the past been used for searching for possible vari-
ations of fundamental constants [1] with the aim of constraining possible dark matter candidates
and also exploited for the search of parity-violating effects mediated by cosmic fields that may be
part of dark matter. This experiment was also used towards a search for ultralight dilatonic dark
matter [2] (that was also used to improve constraints on possible quadratic interactions of scalar
dark matter by 15 orders of magnitude), and most recently, a search for possible exotic interactions
sourced by massive bodies and mediated by light scalar bosons [3].

We are proposing to use the same system for performing precision ISS (Isotope Shifts Spectroscopy)
measurements with sub-Hz precision, with the aim of searching for New Physics (NP) beyond the
Standard Model (BSM) through possible non-linearities that may arise on a King Plot (KP) [4].
The idea is based on isotope shifts spectroscopy (ISS) and establishing a King Plot (KP) through
frequency measurements across multiple isotopes of dysprosium (Dy) in the RF (Radio Frequency)
and the optical domain. In an ideal scenario, the King Plot (KP) is linear with mass and frequency
ratio scaling measured for two different transitions across multiple isotopes. Non- linearities in
the King Plot may arise from possible dark matter candidates that couple to the atomic nucleus
and electrons through short range forces. I shall present our experimental efforts that have been
initiated towards this end with an emphasis on the current status and possible experimental out-
comes.

[1] N. Leefer et al., Phys. Rev. Lett. 111 (2013) 060801.

[2] K. van Tilburg et al., Phys. Rev. Lett. 115 (2015) 011802. [3] N. Leefer et al.,, Phys. Rev. Lett.
1

[

]
]
17 (2016) 271601.
4] J. C. Berengut et al., arXiv:1704.05068 [hep-ph]
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Nuclear Spin-Independent Effects of Parity
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Leptonic and semi-leptonic decays of charmed
mesons at BESIII

Friday 18 May 2018 13:40 (15 minutes)

The BESIII experiment at BEPCII accumulated the world’s largest eTe™ collision samples at 3.773
and 4.178 GeV. We have studied the purely leptonic decays DEE) — ", and the semi-leptonic
decays of D° — K(m)~etv., K(m)"ptv,, DT — K%n%)etv., K(7°)utv, and D} —
K%+, We will report the improved measurements of the branching fractions of these de-
cays and the CKM matrix elements |V ;(q)|, the D(t) decay constants, the form factors of Dz;)

semi-leptonic decays. These results are important to calibrate the LQCD calculations of D(t) de-
cay constants and form factors and to test the CKM unitarity.

print service

Author: COLLABORATION, BESIII
Presenter: COLLABORATION, BESIII

Session Classification: Hadrons

May 9, 2025 Page 17



PSAS’2018 - Int -+ / Report of Contributions The pptron physics program

Contribution ID: 23 Type: oral with proceeding

The pputron physics program

Friday 18 May 2018 14:10 (20 minutes)

The construction of the low-energy e™e™ collider (p/itron)

operating near the muon-pair production threshold begins in 2018 at

BINP (Novosibirsk). The collider parameters and configuration

(a luminosity of 8 x 103! em~2c~1), an center-of-mass

energy spread of 400 keV, and beams collision with a large crossing angle)

allow to perform experiments on study of dimuonium properties. The dimuonium
is the 11~ bound state that has not yet been observed. At putron

it will be possible to detect about 40 thousand dimuonium atoms per year

(107 s). In this report we describe the physics program of yutron.
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High-Precision Measurement of the Proton’s Atomic
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Collider experiment SND and Precision Physics with
hadronic e"e™ cross sections

Friday 18 May 2018 14:50 (25 minutes)

Spherical neutral detector (SND) is an experiment for eTe™ annihilation study at moderate ener-
gies 0.2-2 GeV. The light quark anti-quark bound states are main subject of study at these energies.
The quark anti-quark states express themselves as resonances in the e+e- ->hadronic cross sections.
The hadronic cross sections could be recalculated to hadronic vacuum polarization (HVP). The Stan-
dard Model predictions today are limited by HVP which is not calculable with modern Quantum

chromo dynamics theory. In this talk we present the review of the hadronic cross sections measure-

ments at SND and some new measurements: e" e~ — 7tr~, 7%y, KT K, wr®, KT K, ntn n, KsKpn% 7

e.t.c.
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Hadronic atoms spectroscopy: overview and
perspectives

Thursday 17 May 2018 11:00 (30 minutes)

I shall review the results obtained in recent years in the experimental studies of exotic atoms, in
particular on hadronic atoms.

I shall mostly focus on the studies of kaonic atoms performed at the DAFNE collider of LNF-INFN
and at J-PARC in Japan, which have produced a valuable wealth of data which are used by theo-
reticians to better understand the QCD in non-perturbative sector, with implications going from
particle and nuclear physics to astrophysics.

I shall present future perspectives, including ongoing programs, as SIDDHARTA-2 at DAFNE and
E57 and E62 at J-PARC, as well as plans to measure sigmonic atoms transitions and to perform
dedicated measurements of kaonic atoms to solve the “charged kaon mass inconsistency”.
Hadronic atoms studies represents a unique opportunity to unlock the secrets of the QCD in the
low-energy regime and to disentangle the role of strangeness in the neutron stars (equation of
state of neutron stars).
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Interleaved Matter-wave Gyroscope with 2x10"-10
rad/s Stability
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The relativistic and radiative corrections to
polarizability of hydrogen-like atoms

Monday 14 May 2018 18:10 (5 minutes)

The polarizability in atomic physics is important to determining the frequency standard [1], magic
wavelengths and the tune-out wavelengths [2,3] of the atom in the optical lattice clock. It is also
used to calculating the long-range interactions between atoms [4], in the cold atom research. How-
ever the higher order corrections are still researched inadequately [1,5].

In this work, starting from the relativistic polarizability of the Hydrogen-like atoms, we derive
the operators of the nonrelativistic leading term and first order perturbation term: relativistic cor-
rections and radiative corrections by applying Nonrelativistic Quantum Electrodynamic approach
[6,7]. These correction are the dynamical parts, which dependent on the electric field frequency.
The Bethe-logarithm-like correction is also obtained. This study can be helpful in our next step
research about blackbody radiation contribution in atomic system, which is based on our previous
study [8].
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Precision Spectroscopic applications of cold
molecular ions

Monday 14 May 2018 11:05 (25 minutes)

Cold molecular ions prepared by sympathetic cooling with laser-cooled atomic ions in an ion trap
represent attractive systems for new spectroscopic experiments. The long trapping times (up to
hours) and state lifetimes (up to minutes) [1,2] in an almost perturbation-free environment enable
the long interaction times required for the study of “forbidden”spectroscopic transitions which
have not been accessible before in molecular ions.

Here, we report the first direct observation of electric-dipole-forbidden, quadrupole- allowed in-
frared transitions in a molecular ion (N2+ in our case) [3], more than 60 years after such transitions
have first been observed in a neutral molecule. The detection of these extremely weak transitions
was enabled through a combination of the state-selective preparation of the molecular ions, their
sympathetic cooling into the near-perturbation-free environment of a Coulomb crystal and the
application of a highly sensitive charge-transfer detection scheme. The observed transitions in
molecular ions can exhibit very small natural linewidths, rendering them ideal for spectroscopic

precision experiments [4].
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of H2
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The dissociation energy (Dg) of Hs is a benchmark value in quantum chemistry, with recent QED
calculations now approaching accuracies achievable in simple atoms. Precise measurement of the
GK-X molecular transition, in combination with other precision measurements, provides a deter-
mination of Dy. The GK-X transition is excited through Doppler-free two-photon spectroscopy
using 179-nm radiation, based on frequency up-conversion using a special KBBF crystal. The op-
tical frequency of the fundamental (716 nm), which is the output of a narrowband pulsed Ti:Sa
laser system, is locked to a frequency comb. This enables accuracies of the GK-X transition to a
few parts in 10'° or MHz level, leading to an order-of-magnitude improvement for Dy. The com-
parison of this accurate experimental result with the best calculations may provide a test of the
Standard Model of Physics.
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We consider bound states between an atomic nucleus and a muon,

so called muonic atoms. Especially for high charge numbers, the sur-
rounding atomic electrons do not influence the muon and the system
is essentially hydrogenlike. Just as in normal atoms, there is fine and
hyperfine splitting, but the significance of the various contributions
differs dramatically. In particular, nuclear structure effects are much
bigger, and vacuum polarization effects are very important. We calcu-
late the level structure in heavy muonic atoms, taking several QED
and nuclear structure effects into account in first-order perturbation
theory and beyond. Thereby, precise values of the hyperfine structure
of muonic atoms are obtained [1] and the dependence of transition
energies in muonic atoms on nuclear parameters is investigated.

[1]: Phys. Rev. A 96, 032510 (2017)
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Positronium spectroscopy is of continuing interest as a high-precision test of our understanding of
binding in QFT. Positronium represents the purest example of binding in QFT as the constituents
are structureless and their interactions are dominated by QED with only negligible contributions
from strong and weak effects. Positronium differs from other Coulombic bound systems such as
hydrogen or muonium in having maximal recoil (the constituent mass ratio m/M is one) and
being subject to real and virtual annihilation into photons. Spectroscopic studies of low-lying
states (n = 1 hyperfine splitting, n = 2 fine structure, and the 25 — 1 interval) have reached a
precision of order 1M H z, and ongoing experimental efforts give the promise of improved results.
Theoretical calculations of positronium energies at order ma® ~ 18.7M H z are complete, but only
partial results are known at order ma” ~ 0.14M H z. I will report on the status of the positronium
energy calculations, give some details of the methods employed, and present the latest results for

7

order ma’ contributions.
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Molecular hydrogen has emerged as a benchmark quantum test system for fundamental physics,
where current high-precision measurements challenge the most accurate theoretical calculations
that include relativistic and quantum electrodynamics (QED) contributions. Investigations on iso-
topic molecular species containing deuterium and tritium provide opportunities to expand such
fundamental tests, that will aid in unravelling important higher-order mass-dependent corrections
as well as nuclear size contributions to the level energy structure. In the context of the long-
standing Amsterdam program on precision measurements in molecular hydrogen, recent mea-
surements on HD and Ty will be presented. Extremely weak transitions in the (v = 0 — 2)
overtone band of the HD molecule were measured with sub-Doppler resolutions to obtain tran-
sition frequencies with three orders of magnitude improvement in accuracy. In a second study,
precision measurements on the fundamental (v = 0 — 1) vibrational splittings of the radioactive
T2 molecule were also performed yielding transition energies that are 250 times more accurate
than previous studies. These benchmark values provide a test of QED theory in the hydrogen
molecule, open up another avenue to pursue a solution to the proton radius puzzle, and point
towards precision studies of nuclear structure. With further progress in the first principles calcu-
lations, future comparisons between experiment and theory will yield stronger constraints on new

physics such as hypothetical fifth forces and extra dimensions.
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Thursday 17 May 2018 15:10 (25 minutes)

As the simplest system, Li+ has significant application in verifying the quantum electrodynamics
(QED) theory and determination of the fine-structure constant, because the spectrum of Li+ ion can
be calculated accurately in theory. We constructed a low energy Li+ source by electron bombard-
ment, and energy of the 7Li+ ions is 500 eV. The 1s2s 3S -1s2s 3P transitions of 7Li+ are investigated
by laser saturation spectroscopy on a low-energy Li+ ion beam which radial Doppler broadening
is optimized to 200 MHz, and the transition frequency is identified by Lamb dip (Linewidth ~ 40
MHz). Meanwhile, the laser frequency is measured by an optical frequency comb (FC8004, Menlo
Systems GmbH). Hyperfine and fine structure splits can be derived from these transitions, in which
most of the systematic frequency shifts are canceled. We are optimizing the stability of the laser
and ion beam. The uncertainty of the hyperfine and fine structure splits is promising to less than
100 kHz.
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The 1S-2S two-photon transition frequency in hydrogen can be measured most accurately com-
pared to other transitions in hydrogen due to its narrow natural linewidth, and serves as a corner
stone for fundamental constants. However, only a combination of the precisely known 1S-2S tran-
sition with additional measurements allows to extract specific constants such as the proton root
mean square charge radius r, as well as the Rydberg constant R, and to test the consistency
of Quantum Electrodynamics. More precise measurements of the 2S-nP transition frequencies
(e.g. with n = 4, 6) can be used to overcome current limitations in the framework of determining
fundamental constants.

The value of 7, has become particularly interesting since the discovery of the apparent discrep-
ancy with muonic hydrogen. Important steps towards the solution of this so-called “proton radius
puzzle”are more precise measurements of other transitions in hydrogen. Recently, the 2S-4P tran-
sition has been measured in our group with a relative uncertainty of 4 parts in 10!2. Combining
this result with the 1S-2S transition frequency leads to the r;, value which is 3.3

combined standard deviations smaller than the value deduced from previous hydrogen world data,
but in good

agreement with the value from muonic hydrogen. Since the origin of this discrepancy is currently
unknown, more measurements with even higher precision are needed.

Using the same apparatus as for the 25-4P data, we aim to measure the 2S-6P transition with an
improved uncertainty. With a narrower natural linewidth of 3.8 MHz (as opposed to 12.9 MHz
for 25-4P), the 2S-6P transition has the potential to determine the line center more accurately.
In addition to the known challenges from the previous experiment, the new transition requires
to rebuild the system for 410 nm (2S-6P) as opposed to 486 nm (25-4P) laser light. The shorter
wavelength leads to difficulties such as a complete re-design of our collimator used for the active
fiber-based retroreflector, and increased Rayleigh scattering in the optical fiber resulting in etalon-
like effects. This poster reports on the current status of the 2S-6P hydrogen experiment, with a
particular focus on the upgrade for shorter wavelength.
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The proton is a fundamental constituent of the matter. However, it has a complicated internal
structure which is difficult to be fully understood. The internal structure of the proton is described
by the electronic and magnetic form factors. The charge radius of the proton is defined by these
form factors and has been determined experimentally. In recent years, a significant discrepancy
between independent measurements of the proton charge radius was reported. This conflict is
known as “proton radius puzzle”. Even though various interpretations have been proposed, no
definitive solution to the problem has been found yet. In order to shed some light on the puzzle,
we proposed a new experiment to determine the proton Zemach radius which is defined as a
convolution of the charge distribution with the magnetic moment distribution. The proton Zemach
radius can be derived from the hyperfine splitting (HFS) in the muonic hydrogen atom. We aim to
perform a laser spectroscopy of the muonic hydrogen HFS with the relative uncertainty of 1 ppm
and obtain the proton Zemach radius with 1% precision.
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Theoretical studies of hydrogen molecule is the cornerstone of the molecular quantum mechan-
ics. Due to its simplicity, the achieved precision is the highest among all molecules and still has
a potential of significant enhancement. This high precision of theoretical predictions for Hy leads
to improved tests of quantum electrodynamics (QED) and improved bounds on hypothetical in-
teractions. Moreover, at the 10~7 cm ™! precision level the dissociation energy is sensitive to the
proton charge radius, which may help to resolve the so called proton radius conundrum. This
requires high accuracy calculations of not only nonrelativistic energies, but also leading relativis-
tic and QED, as well as the higher order QED corrections. In fact, the nonrelativistic energies
can already be calculated with the precision of 10~7 cm~!. The the higher order QED contribu-
tion has very recently been calculated using explicitly correlated Gaussian (ECG) functions with
1 + r12/2 prefactor ({\it rECG}) that makes the interelectronic cusp condition to be exactly satis-
fied. We provided improved results for the dissociation and the fundamental vibrational energies.
These results open the window for the high precision spectroscopy of Ha and related accurate
tests of fundamental interactions models. Recently, we also reported also highly accurate results
for the leading relativistic correction using {\it rECG} functions and conclude that the compilation
of previous results has underestimated uncertainties. We will also present the latest advances in
the calculation of nuclear mass relativistic corrections, which are currently the main limitation of

theoretical predictions.
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We study, using the formalism proposed by Dalibard, Dupont-Roc, and Cohen-Tannoudji, the reso-
nance interatomic energy (RIE) of two identical two-level static atoms in a symmetric/antisymmetric
entangled state, which are coupled to massless scalar fields, in a number of different spacetimes.
We first show that the presence of a boundary in a flat Minkowski spacetime can dramatically
modify the RIE of the two static atoms, resulting in an enhanced or weakened and even nullified
RIE, as compared with that in the unbounded case; we then show that the RIE of the two atoms
in the spacetime of a Schwarzschild black hole can be sharply affected by the spacetime curvature
on one hand, but on the other hand it is surprisingly undisturbed by the Hawking radiation of
the black hole; we finally show that the RIE of the two static atoms in the spacetime with an infi-
nite and straight cosmic string (the so called cosmic string spacetime) is sensitive to the nontrivial
topological structure of the spacetime, making the RIE of the two static atoms behaves in a manner
very similar to that near a perfectly reflecting boundary in a flat Minkowski spacetime.
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% Your abstract text:

High precision spectroscopy has been always the driving force for new fundamental

theories in physics. The so called proton size problem is a so far unexplained disagreement of the
value of the proton charge radius extracted from the muonic spectroscopy,
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hydrogen spectroscopy and elastic electron-proton scattering by more than 5 sigma "\cite{Antognini2013}.
Recently two new experiments intensified this puzzle "\cite{Bayer2017}, "\cite{Fleurbaey2018}.
\newline

\newline

For the first time we present a high precision measurement in hydrogen on the 1s3s(F=1) performed
with Direct Frequency Comb Spectroscopy (DFCS "\cite{Baklanov1977}), with an uncertainty suf-
ficient to contribute to the Proton Size Puzzle. Systematic frequency shifts observed with DFCS
differ significantly from previous measurements which utilize CW lasers and in particular from the
previous 1s3s (F=1) measurement, allowing for the first time comparison of two different groups
on the same transition for the proton size puzzle.

\newline

\newline

In our experiment we excite a cryogenic hydrogen atomic beam with a picosecond frequency
comb. The UV frequency comb at 205nm is produced by quadrupling a TiSa comb at 820nm by
two subsequent frequency doubling stages. While two-photon transitions are in principle Doppler
free in first order, residual Doppler shift associated with chirped pulses is observed and constitutes
our leading systematic. Other significant systematics are Second Order Doppler Effect, collisional
shift and AC/DC Stark Effects. We present experimental determination of these systematics and
comparison with the theory.
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ALPHATRAP is a high-precision Penning-trap based experiment dedicated to the exploration of
ground-state properties of heavy, highly charged ions (HCI). The major goal of ALPHATRAP is
the measurement of the bound-electron gyromagnetic factor, or g-factor, which can be predicted
to very high precision in the framework of bound-state quantum electrodynamics (BS-QED). The
comparison of the experimental results with recent theoretical calculations will not only serve as
a sensitive test of BS-QED, but also yields a new approach for the determination of fundamental
constants such as the electron mass or the fine structure constant X.

The measurement of the bound-electron g-factor of a single HCI is performed in an improved
cryogenic double Penning-trap setup, utilizing the continuous Stern-Gerlach effect. For injection
of externally produced HCI up to 2°8Pb®'* the ALPHATRAP experiment is coupled to various
ion-sources, including the Heidelberg Electron-Beam Ion Trap. The ALPHATRAP apparatus in-
cluding beamline, trap tower and electronics was successfully commissioned with single 2C°"
and *°Ar'3" ions, and is in preparation for its first g-factor measurement. This poster will give an
overview of the experimental setup.
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Single particles in traps allow for clean investigations of basic interactions and also for the deter-
mination of fundamental constants. This has been demonstrated by investigations of Quantum
Electrodynamics (QED) with respect to the g-factor of the free electron [1] and of hydrogen-like
or lithium-like ions [2 - 4], which form the most precise determinations of the fine-structure con-
stant and of the mass of the electron, respectively. Ion traps are also suitable for the study of the
interaction of atomic ions with high-intensity laser radiation [5]. The trapping of hydrogen-like
heavy ions up to uranium is possible at the heavy-ion accelerator at GSI with stripping and post-
deceleration. At the HITRAP facility at GSI, the final stage for deceleration and trapping of bare
and hydrogen-like heavy ions up to uranium has been commissioned. After stripping at energies
of a few 100 MeV/u, the ions are decelerated down to 4 MeV/u in the Experimental Storage Ring
(ESR) and further down to 6 keV/u by a combination of an IH and a RFQ structure operating as
decelerators. Finally, the ions will be captured and cooled down to cryogenic temperatures in a
Penning trap by means of electron cooling and resistive cooling. From this trap, they can be ex-
tracted and used for experiments. With this novel technique of deceleration, trapping and cooling
of highly charged ions, atomic physics studies on slow highly charged ions up to uranium U92+
interacting with photons, atoms, molecules, clusters, and surfaces will be performed. In addition
to collision studies, high-accuracy atomic physics experiments on trapped highly charged ions
will be a significant part of the atomic physics program of the HITRAP facility. At the upcoming
Facility FAIR, the HITRAP facility will form an integral component of both the SPARC as well as
the FLAIR Collaborations.

This work was supported by BMBF, DAAD, DFG, EMMI, Helmholtz Association, and the Max-
Planck Society.

[1] D. Hanneke et al., Phys. Rev. Lett. 100, 120801 (2008)
[2] S. Sturm et al.,, Phys. Rev. Lett. 107, 023002 (2011)

[3] S. Sturm et al., Nature 506, 13026 (2014)

[4] F. Kohler et al., Nature Comm. 7, 10246 (2016)

[5] S. Kumar et al., J. of Phys. 635, 092070 (2015)
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Laser spectroscopy of atomic hydrogen is a source of valuable data for a least-square adjustment of
fundamental constants and precise tests of QED. Further improvement of precision of those mea-
surements is of key interests for a problem, known as a Proton Size Puzzle \cite{Antognini2013}.
This work requires suppression of different systematic effects, including a Doppler shift. Cooling
the atomic beams to cryogenic temperatures opens a possibility to decrease the velocities of atoms,
reducing the uncertainty, caused by velocity distribution of the atoms.

We report about our experiment on two-photon spectroscopy of the transition 1s-3s in atomic
hydrogen by frequency combs \cite{Yost2016}. For the excitation of atomic transition we use a
mode-locked Ti:Sa laser with two frequency doubling stages. The excitation takes place in a beam
of atomic hydrogen expanding in a vacuum chamber. To reduce a first-order Doppler effect we use
a technique of two-photon spectroscopy in counter-propagating laser beams \cite{Baklanov1977}.
Using a cryogenic nozzle, cooled down by liquid helium, helps us to decrease the velocity of atoms,
improving systematic uncertainties in our experiment.

In the presentation we discuss main systematic effect which is presented in our experiment, namely
the first-order Doppler shift caused by chirp of the laser pulses. We discuss modelling of this shift
and model-independent approaches, allowing to eliminate this effect.
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Positronium is an excellent system to test bound state QED theory to very high precision, since
it is almost exlusively governed by the electromagnetic force and does not exhibit the finite size
effects which plague measurements of protonic atoms.

Numerous precise experiments have therefore been conducted in the past to measure the hyperfine
splitting of Positronium. However, these experiments show almost 40 disagreement with the most
recent bound state QED calculations. PHySES’ approach is to eliminate several possible sources of
systematics present in earlier experiments by a novel experimental design to conclusively check
this discrepancy.

Furthermore, measuring the 1s2s transition in Positronium would allow for a very stringent test
of bound state QED in the ppb range. Current efforts to reach this sensitivity include upgrades to
a pulsed positron beam and a novel time-of-flight detection scheme involving rydberg excitation
of excited positronium.

Additionally, by comparing theory to experimental values gained by these experiments, one can
test CPT and Lorentz violating effects and their corresponding coefficients in the Standard-Model
extension (SME) complementary to those gathered by hydrogen spectroscopy.

This talk will report on the design, implementation, current status and future prospects of ongoing
efforts at ETH Zurich to measure the 1s-2s and excited state hyperfine splitting in Positronium.
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We present a new method of spectroscopy, utilizing a drift effect to disperse
charged particles in a uniformly curved magnetic field. The curved field results
in a drift of the charged particles perpendicular to the radius of the curvature
and to the magnetic field, which is proportional to the particle’s momentum.

A spatial-resolving detector will determine the momentum spectra.

The first realization, called NoMoS (Neutron decay prOducts MOmentum
Spectrometer), will measure correlation coefficients in free neutron beta decay
to test the Standard Model of particle physics and to search for

physics beyond. Currently, the focus is on the design and the construction

of the magnet system.
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This is a Precision measurement plays an important role in unveiling new physics by probing be-
yond the known boundaries of knowledge. In a similar footing, it has a wide range of application
in trade and commerce. From fundamental physics viewpoint, the Standard Model (SM) of particle
physics though considered to be the most celebrated model in physics is known to have shortcom-
ings as is evident from numerous experimental findings. Precision measurements with simple
atomic systems provide the opportunity to explore the possible deviations from the SM. The limit
to the uncertainty of any frequency measurement is given by the Heisenberg limit. However as
will be shown here, using a time dependent Hamiltonian it is possible to surpass this limit. Using,
this technique, a trapped single atomic probe provides a weak limit of the coupling of a electron
spin to a certain type of dark matter candidate. Possible new experiments can further improve the

limit for more assertive searches.
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After a short review of the overall physics program of BESIII and the key features of the BEPCII
collider and BESIII detector, I will present some of the recent highlights of the charmonium(-like)
spectroscopy program of BESIIL The results include measurements of radiative and hadronic de-
cays of several charmonium(-like) states below and above the open-charm production threshold.
The ultimate aim is to provide data to study the dynamics of the strong interaction in the confine-
ment region and to understand the nature of the recently discovered XYZ states. In this talk, I will
discuss on what has been learned so far and what the future perspectives could be in this field of
hadron physics.
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Precision spectroscopy of hydrogen molecular ions:
present status of theory and perspectives.

Tuesday 15 May 2018 12:10 (20 minutes)

At present a theoretical prediction for the spin-averaged frequency of vibrational transitions in the
hydrogen molecular ions (HMI) has reached a relative precision of ~7.5x 1072 [1]. On the other
hand, recent experiment [2] on pure rotational transition in HD' has demonstrated the power of
the Lamb-Dicke regime for precision spectroscopy of the HMI and potentiality in the nearest future
to achieve a ppt level of spectroscopic accuracy. At the same time, it discloses new problems, which
have to be solved in theory in order to comply with requirements of precision comparison with
experiment. Namely, for pure rotational transitions it is essential to include into consideration
the spin-dependent part of transition energy, which takes into account all corrections up to order
mab.

In our presentation we also discuss other problems, which are to be considered in order to im-
prove theoretical predictions (by a factor of three at least). That will bring theoretical precision
to the level better than the uncertainty in the Rydberg constant as determined by the CODATA14
adjustment of the fundamental constants [3].

References:

[1] V.I. Korobov, L. Hilico, and J.-Ph. Karr, Fundamental transitions and ionization energies of the
hydrogen molecular ions with few ppt uncertainty. Phys. Rev. Lett. \textbf{118}, 233001 (2017).
[2] S. Alighanbari, M.G. Hansen, S. Schiller, and V.I. Korobov, Rotational spectroscopy of cold,
trapped molecular ions in the Lamb-Dicke regime. Nature Physics 14, (2018).

[3] P.J. Mohr, B.N. Taylor, and D.B. Newell, Rev. Mod. Phys. 88, 035009 (2016).
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Precision Fundamental Physics with Trapped
Antihydrogen
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3D-imaging of antimatter annihilation using the
ASACUSA Micromegas tracker
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For abstract, please see attached PDF file.
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Positron Production and Storage for Antihydrogen
Production

Monday 14 May 2018 19:10 (5 minutes)

For abstract, please see the attached PDF file.
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Ramsey set-up for (anti-)hydrogen hyperfine
spectroscopy
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Please see the attached pdf file for the abstract.
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Measurement of the hydrogen hyperfine splitting in
a beam: results and prospects
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Antihydrogen 1S-2S laser spectroscopy
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Laser spectroscopy of cooled antiprotonic helium
atoms
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Testing fundamental interactions on light atoms
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We critically examine the current status of theoretical calculations of the energies and the isotope
shift of the lowest-lying states of helium, searching for unresolved discrepancies with experiments.
Calculations are performed within the nonrelativistic quantum electrodynamics ex- pansion in
powers of the fine structure constant o and the electron-to-nucleus mass ratio m/M. For energies,
theoretical results are complete through orders a6m and a6m2/M, with the result- ing accuracy
ranging from 0.5 to 2 MHz for the n = 2 states. The isotope shift between 3He and 4He is treated
theoretically with a sub-kHz accuracy, which allows for a high-precision determi- nation of the
differences of the nuclear charge radii 8r2. Several such determinations, however, yield results
that are in a 40 disagreement with each other. Apart from this, we find no significant discrepan-
cies between theory and experiment for the helium atom.

Further, we present the complete relativistic O(a:2) nuclear structure correction to the energy levels
of ordinary (electronic) and muonic hydrogen-like atoms. The elastic part of the nuclear structure
correction is derived analytically. The analytical result is verified by high-precision nu- merical cal-
culations. The inelastic O(a2) nuclear structure correction is derived for the electronic and muonic
deuterium atoms. The correction comes from a three-photon exchange between the nucleus and
the bound lepton and has not been considered in the literature so far. In the case of deuterium,
the inelastic three-photon exchange contribution is of a similar size and of the opposite sign as
the corresponding elastic part and, moreover, cancels exactly the model dependence of the elastic
part. The obtained results affect the determination of nuclear charge radii from the Lamb shift in
ordinary and muonic atoms.

[1] K.Pachucki,V.Patko's",V.A Yerokhin,Testingfundamentalinteractionsontheheliumatom, Phys. Rev.
A 95, 062510 (2017).

[2] V. Patko’s”, K. Pachucki, V. A. Yerokhin, Higher-order recoil corrections for singlet states of
the helium atom, Phys. Rev. A 95, 012508 (2017).

[3] K. Pachucki, V. Patko’s”, V. A. Yerokhin, Three-photon exchange nuclear structure correction
in hydrogenic systems, submitted to Phys. Rev. A.
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