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Welcome Reception 

All delegates and accompanying persons are invited to an informal reception at the 
Scandic Aarhus City Hotel (see map on final page) on Sunday the 7th of  August from 
17:00 to 19:00. Drinks and snacks will be served. Registration for the conference will 
be available at the reception. 

 

Conference Location 

The conference will take place at Aarhus University, Department of Mathematics, 
building 1534 (see map on page 2). The address is Department of Mathematics, Ny 
Munkegade 118, DK-8000 Aarhus C. The route to the lecture theaters will be sign-
posted. 

 

Registration/Information Desk 

The registration desk will be open on Monday from 08:30 to 09:00 at the conference 
site. In addition the conference secretary will be available at the information desk 
each day from 09:00. Changes to the program, information on lab tours, excursions, 
local travel and other messages can be found at the information desk.  

 

Lunch 

A buffet lunch will be provided for all participants of the conference. Lunch will be 
held in a room close to the lecture theaters. The route will be sign-posted. Your 
conference badge will be required for entry to the lunches. 

 

Badges 

The name badge issued to you on registration is your admission to all scientific 
sessions, lunches and social events. You are kindly requested to wear your badge on 
all occasions. If the badge is lost, please contact the information desk. 
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Session chairs 

We kindly ask the session chairs to be present in the auditorium at least 10 minutes 
before the beginning of the session. 

 

Speakers 

We kindly ask speakers to ensure that their computers are compatible with the video 
equipment in good time before the start of the session. Presentations in PowerPoint or 
PDF format can also be loaded onto the computers in the lecture theaters. Please 
contact the information desk in case of difficulties. 

 

Prizes 

The Few-Body Award to two young scientists will be presented on Wednesday at 
09:00.  

The establishment of the Faddeev Medal will be announced on Thursday at 10:20. 

 

Posters 

The poster session will take place on Wednesday evening in a room adjacent to the 
lecture theaters. The posters can be put up on Monday afternoon and they should be 
removed by Thursday afternoon.  

The poster board can be chosen freely from the available ones. Please only use the 
magnets and tape provided for hanging posters on the boards. 

The maximum size for a poster is A0 (84x119 cm) and should be in portrait format. 
No poster printers are available at the conference. 
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Internet access/Wi-Fi connection 

Wireless internet access is available throughout the University campus. 

If your home institution supports eduroam you should connect to the eduroam 
network with the username and password from your home institution. 

Alternatively you can connect to AU-Guest network. After opening a browser, you 
will be asked to log-in via your account at Google, Facebook, LinkedIn, or Microsoft. 
If you do not have an account at one of these four services, please contact the 
information desk to obtain one.  

 

Lab tours 
 
On Tuesday afternoon, after the last session, there will be an opportunity for 
participants to take a tour of several laboratories in the Department of Physics and 
Astronomy. There are two tours to choose from: 

 

Tour A - Storage Rings (ASTRID, ASTRID2, SAPHIRA, ELISA) 

Tour B – Cold atom labs (BEC, Ion trap group) 

 

Each tour will take about an hour to complete; groups will be escorted by a local 
guide. If you would like to take a tour, please see the detailed information at the 
information desk and sign up to participate. There is a limited number of people in 
any group and the deadline for signing up to join a tour is 15:00 on Tuesday. 
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Social Event 

 

Excursion to the "Old Town" and Conference Dinner 

The Old Town (Den Gamle By) is the world’s first open-air museum of urban history 
and culture. More than 75 historical houses from all over Denmark shape the contours 
of a Danish town as it might have looked in Hans Christian Andersen´s days, with 
streets, shops, yards, homes and workshops. 

The museum will be open only for EFB23 conference participants from 17:00 on 
Thursday evening. Upon arrival a welcome drink and snacks will be served at the 
town square or in the adjacent building (Møntmestergård). From 17:00 to 19:00 you 
can explore Den Gamle By at your own pace and enjoy the cozy streets. Visit the 
historical shops and houses such as the bookshop, the ironmonger and the bakery.  

At 19:00 the Conference dinner will be served in a building adjacent to the town 
square (Bendtens Pakhus). 

There is no additional cost for this event, the conference dinner is included in the 
registration fee. You need to present your conference badge at the entrance to the 
museum. 

The Old Town is within walking distance of the conference site. Its location is 
indicated on the map on final page of this booklet. 

 

 

Tip: Bring along practical footwear to walk the cobblestone streets. 
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Charge Symmetry Breaking in Light Hypernuclei

Achenbach P. (Mainz University, Germany)
A1 Collaboration

At the Mainz Microtron MAMI the high-resolution spectroscopy of decay-pions in
strangeness electro-production is used to extract the Λ hyperon ground state bind-
ing energy in 4

ΛH [1]. This binding energy is used together with the 4
ΛHe ground state

binding energy from nuclear emulsion experiments and with energy levels of the 1+ ex-
cited state for both hypernuclei from γ-ray spectroscopy to address the charge symmetry
in the strong interaction [2]. The full understanding of the large and spin-dependent
breaking of this symmetry in the A = 4 hypernuclei still remains one of the open issues
of hypernuclear physics.

[1] A. Esser et al. (A1 Collaboration), Phys. Rev. Lett. 114, 232501 (2016)
[2] Schulz F. et al. (A1 Collaboration), Nucl. Phys. A (2016),

http://dx.doi.org/10.1016/j.nuclphysa.2016.03.015
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Photonuclear studies of few-body systems at the High Intensity Gamma
Ray Source (HIGS)

Ahmed M.W. (North Carolina Central University/TUNL/Duke University, Durham,
NC, USA)

In recent years, experiments at the High Intensity Gamma Ray Source (HIGS) con-
tinue to provide precision data on few-nucleon systems over a broad energy range. The
focus of these studies have been photodisintegration reactions on light nuclei (A=2-16)
at low energies, and Compton scattering reactions on deuteron, helium, and lithium nu-
clei at higher photon energies but below the pion production threshold. These studies
probe the nature of the strong nuclear force as manifested by the macroscopic properties
of nucleons at large distance scales, and test nuclear structure models as predicted by
the recent cluster and chiral-effective-lattice calculations. The investigations at higher
energies measure the electromagnetic and spin response of nucleons to applied photon
fields. An overview of the recently completed and planned experiments on light nuclei
at HIGS will be presented.
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Quasi-three body systems - properties and scattering

Amusia M.Ya. (Hebrew University, Jerusalem, Israel)

We investigate structure and processes in quasi-three-body systems. As the latter,
we consider systems of three mutually interacting particles with masses me, mµ, M
that obey the inequality me � mµ � M . We assume that mµM forms a bound state.
If mass ratio is me/mµ ≡ β � 1 then the three-body problem reduces to the two-body
scattering or structure of me in the field of a bound system mµM . We present the
properties of considered systems as analytic expressions, namely expansions in powers
of the parameter β. As a concrete object, we investigate the electron binding to muonic
Helium (eµHe) and scattering by muonic Hydrogen (e+µHe). We pay main attention
to the Lamb shift, predicting it for the 1s−2p transitions with the uncertainty of 2 ppm
(4 GHz), as well as 2s − 2p with uncertainty 0.6 GHz. To reach such an accuracy, we
have calculated a number of corrections to the corresponding pure hydrogen values. The
predicted numbers deserve experimental verification. While considering the hyperfine
splitting of eµHe we found a non-power term of the order β2 lnβ in its expression and
achieved good agreement with experiment. For the hyperfine splitting and Lamb shift,
the considered system is similar to hydrogen, but with a large and easily polarizable
“nucleus”. On the contrary, the e + µH cross-section is essentially different from that
on ordinary Hydrogen in both ground and exited states. There are many other objects
of investigation that one could treat using the developed analytic approach.

10



Role of atomic excitations in search for neutrinoless double beta decay

Amusia M.Ya. (Hebrew University, Jerusalem, Israel)
Drukarev E.G. Chernysheva L.V.

Beta-decay of an isolated nucleon is a well-studied three-body problem. In a nucleus two
types of double beta-decay can proceed, with and without emission of neutrinos. Ob-
servation of the neutrinoless double beta decay would mean that the electron neutrino
is a Majorana particle which coincides with its antiparticle. In this talk we consider
neutrinoless double beta decay and demonstrate that the emitted electrons loose con-
siderable amount of energy in collisions with electrons of the decaying atom. This loss
is important for the determination of the type of the decay process. In search for the
neutrinoless decay ejection of the electrons with the energy E equal to the mass dif-
ference between the ground states of the daughter and parent atoms is treated as the
sign of the neutrinoless process. As it stands now, this decay have not been detected
[1]. However the daughter atom can be in an excited state. This leads to the shift of
the characteristic energy E to E

′
= E + δ. We calculate the value of δ in the shake-off

approximation (this became possible since the value of E makes several MeV in these
transitions) and estimated the corrections caused by the final state interactions between
the beta electrons and the atomic shell. The sum over the final states was calculated by
employing the closure condition. The electrons of the parent atom were described by
the Hartree-Fock functions. We found that for the decays of germanium (Z = 32) and
xenon (Z = 54) which are actual nowadays [1]δ ≈ −400 eV. We carried out nonrela-
tivistic calculation for the shift of the limiting energy available for the ejected electrons
in double beta decay caused by inelastic processes in electronic shell, and estimated
the accuracy of the calculations. Our result confirm the earlier conclusions that the
neutrinoless mode have not been observed yet.

[1] B. Schwingenheuer, Ann. Phys. (Berlin) 525, 269 (2013).
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Unstable nuclei in dissociation of light stable and radioactive nuclei in
nuclear track emulsion

Artemenkov D.A. (V. I. Veksler and A. M. Baldin Laboratory of High Energy Physics,
Joint Institute for Nuclear Research, Dubna, Russia)

Contribution of the unstable nuclei 6Be, 8Be and 9B into dissociation of relativistic
nuclei 7,9Be, 10B and 10,11C is under study on the basis of NTE exposed to secondary
beams of the JINR Nuclotron.

On the basis of angular measurements 27±5 % of events 7Be→He + 2H can be
attributed to 6Be decays. Contribution of the configuration 6Be + n to the 7Be structure
is estimated at a level of 8±1 % which is near the value of 5±1 % for the configuration
6Li + p.

Distributions over the opening angle of α-pairs indicate to a simultaneous presence
of virtual 8Beg.s. and 8Be2+ states in the ground states of the 9Be and 10C nuclei. The
core 9B is manifested in the 10C nucleus with a probability of 30±4 %. 8Beg.s. decays
in 10C “white”stars always arise through the 9B decays. For 10C “white”stars it have
to be assumed that 6Be and 8Beg.s. are produced as interfering parts of 2α2p ensembles
due to impossibility of separation of the 6Be and 8Beg.s. decays. Selection of the 10C
“white”stars accompanied by 8Beg.s. (9B) leads to appearance in the excitation energy
distribution of 2α2p “quartets”of the distinct peak with a maximum at 4.1±0.3 MeV.

8Beg.s. decays are presented in 24±7 % of 2He + 2H and 27±11 % of the 3He of the
11C “white”stars. 9B decays are identified in “white”stars 11C→2He + 2H constituting
14% of the 11C “white”stars. As in the 10C case 8Beg.s. decays in 11C “white”stars
almost always arise through 9B decays. On this ground the channel 9B + H amounts
14±3 %.

The 8Beg.s. nucleus is manifested in the “white”stars 10B→2He + H with a prob-
ability of 34±7 % while 9B constitute 14±4 %. Thus, the decays 9B account roughly
for a half of the 8Beg.s. statistics. This way, a ground appears to assume a additional
contribution of virtual superposition 8Beg.s. - 8Be2+ in the 10B structure likewise the
9Be case.

[1] The BECQUEREL Project WEB site: becquerel.jinr.ru.
[2] C. F. Powell, P. H. Fowler, and D. H. Perkins, Study of Elementary Particles by

the Photographic Method (Pergamon, London, 1959), pp. 465472.
[3] P. I. Zarubin “Tomography of the cluster structure of light nuclei via relativistic

dissociation”Lecture Notes in Physics 875, Clusters in Nuclei, vol. 3, 5193 (2014),
Springer International Publishing (and references herein); arXiv: 1309.4881.

[4] N. K. Kornegrutsa et al. “Clustering features of the 7Be nucleus in relativistic
fragmentation”Few-Body Systems, Vol. 55, Nos 8-10, 2014, 1021-1024

[5] D. A. Artemenkov et al. “Charge topology of coherent dissociation of 11C and
12N relativistic nuclei”Phys. At. Nucl. 78, 794799 (2015); arXiv: 1411.5806.

12



The nuclear contact, momentum distribution, and the photoabsorption
cross section

Barnea N. (The Hebrew University, Jerusalem, Israel)
Weiss R. Bazak B.

A few years ago, S. Tan suggested that the properties of universal quantum gases
depend on a new characteristic quantity. This quantity, the contact, describes the
probability of two particles coming close to each other, i.e. it is a measure of the number
of close particle pairs in the system. Utilizing the contact, Tab’s theory predicts the
energy, pressure and other properties of the system. It was proven right in a series
of ultracold atomic experiments. In my talk I will present a generalization of Tan’s
contact to nuclear systems, introducing the various nuclear contacts, taking into account
all possible pair configurations. The leading neutron-proton contact is then evaluated
from medium energy photodisintegration experiments. To this end, the Levinger quasi-
deuteron model of nuclear photodisintegration is reformulated, and the bridge between
the Levinger constant and the contact is established.

13



Three-body bound states of two bosonic impurities immersed in a Fermi
sea in 2D

Bellotti F.F. (Aarhus University, Aarhus, Denmark)
Frederico T. Yamashita M.T. Fedorov D.V. Jensen A.S. Zinner N.T.

We consider the problem of two identical bosonic impurities immersed in a Fermi
sea for a broad range of masses and for both interacting and non-interacting impurities
in 2D. The pairwise interaction is described for an attractive zero-range potential since
we are interested in universal properties, namely those that any potential with the same
physics at low energy is able to describe. The problem is solved in momentum space
and the two impurities a can attach to a fermion b from the sea and form three-body
aab bound states.

The number of universal three-body bound states in vacuum is strongly mass-
dependent and increases as one particle becomes much lighter than the others [1]. The
energies of these states increase with increasing Fermi momentum kF in both the cases
of interacting (Eaa 6= 0) and non-interacting (Eaa = 0) impurities. Since the two-
and three-body thresholds are also moving up as kF increases, three-body bound states
are found below the Fermi energy with positive energies. Furthermore, three-body aab
states are supported when the two ab−subsystems are in a virtual state even for non-
interacting impurities, which can be interpreted as a medium-induced Borromean state
in 2D [2].

The fate of the states depends highly on two- and three-body thresholds. We study
the stability of aab bound states as function of the Fermi momentum when the identical
interacting bosonic impurities have the same mass as the fermions from the sea. Our
results [2] indicate that cold atomic experiments may be able to deepen the knowledge
of 2D three-body systems by looking at two impurities in the presence of a Fermi sea
with which the impurities interact. Varying the Fermi momentum, it might be possible
to measure the number of atoms lost in the trap, which must have a peak when the
three-body system is close to either the two- or three-body continuum [3]. Different
bound states may decay into different subsystems [2] and a larger number of bound
states can be reached in highly asymmetric mass systems (mb/ma � 1) [1].

We present a mass vs. η = ln(kFa2D) diagram, where a2D is the two-dimensional
scattering length, which extends the study about stability of the states as function of
the Fermi momentum for a broad range of masses. Next, corrections due to particle-
hole fluctuations in the Fermi sea are considered in the three-body calculations and
we show that in spite of the fact that they strongly affect both the two- and three-
body systems, these effects cancel each other and corrections to results presented in the
previous diagram are small.

[1] Bellotti F.F. et al., J. Phys. B 46, 055301 (2013)
[2] Bellotti F.F. et al., New Journal of Physics 18, 043023 (2016)
[3] Kraemer T. et al., Nat. Phys. 440, 3158 (2006)
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Differential cross-sections for inelastic positron scattering off the hy-
drogen atom and helium ion

Belov P.A. (St. Petersburg State University, St. Petersburg, Russia)
Gradusov V.A. Volkov M.V. Yakovlev S.L. Yarevsky E.A.

The potential splitting approach combined with the complex scaling method [1] is ap-
plied to the scattering of the positron off the hydrogen atom and positive helium ion
at the energies above the positronium formation threshold. In the potential splitting
approach, the reaction potential is split into a finite range part and a long range tail
part. The solution to the Schrödinger equation with the long range tail of the reaction
potential is taken as an incoming wave. The total angular momentum representation
is used. The numerical approach is based on the finite element method and has been
already verified by calculating resonances in three-body quantum systems [2]. The dif-
ferential cross-sections for excitation and rearrangement processes have been obtained
and compared with the coupled-channel calculations [3]. The resonance structure in
the cross-section is observed. The resonance positions calculated with the scattering
observables are in a good agreement with the results of other authors as well as with
the energy values obtained using the complex scaling technique.

[1] Volkov M.V., Yarevsky E.A. and Yakovlev S.L., Europhys. Lett. 110, 30006
(2015)

[2] Elander N. and Yarevsky E., Phys. Rev. A 57, 3119 (1998)
[3] Archer B.J., Parker G.A. and Pack R.T., Phys. Rev. A 41, 1303 (1990)
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The three-body asymptotics with explicitly orthogonalized channels

Belov P.A. (St. Petersburg State University, St. Petersburg, Russia)
Yakovlev S.L.

We propose the method for solving the three-body scattering problem [1] which is based
on the hyperspherical adiabatic expansion [2] of the Faddeev components in the asymp-
totic domain of the configuration space [3]. Asymptotically, the wave function compo-
nents are expanded over an orthonormal basis of functions depending on the hyperangle.
These basis functions are related to the eigenstates of the two-body subsystem and al-
low one to explicitly orthogonalize the elastic and breakup channels. As a result, we
construct the asymptotic boundary conditions for the scattering problem in the hyper-
spherical adiabatic representation [4]. The application of the method makes it possible
to solve the neutron-deuteron scattering problem above the three-body breakup and to
obtain scattering amplitudes from the comparison of the solution with the asymptotics
in the asymptotic domain [5]. The obtained results are validated by the analytical study
of the scattering amplitudes for the model Faddeev equation [6].

[1] Faddeev L.D. and Merkuriev S.P., Quantum Scattering Theory for Several Par-
ticles Systems (Kluwer, Dordrecht, 1993)

[2] Macek J., J. Phys. B. 1, 831 (1968)
[3] Merkuriev S.P., Gignoux C., Laverne A., Ann. Phys. 99, 30 (1976)
[4] Belov P.A., Yakovlev S.L., Phys. Atom. Nucl. 77, 344 (2014)
[5] Belov P.A., Yakovlev S.L., Phys. Atom. Nucl. 76, 126 (2013)
[6] Belov P.A., Yakovlev S.L., Bull. Rus. Acad. Sci.: Phys. 80, 237 (2016)
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Few-body precursor of the Higgs mode in a superfluid Fermi gas

Bjerlin J. (Mathematical Physics, LTH, Lund University, SE-22100 Lund, Sweden)
Reimann S.M. Bruun G.M.

We demonstrate that an undamped few-body precursor of the Higgs mode can be in-
vestigated in a harmonically trapped Fermi gas. Using exact diagonalisation, the lowest
monopole mode frequency is shown to depend non-monotonically on the interaction
strength, having a minimum in a crossover region. The minimum deepens with increas-
ing particle number, reflecting that the mode is the few-body analogue of a many-body
Higgs mode in the superfluid phase, which has a vanishing frequency at the quantum
phase transition point to the normal phase. We show that this mode mainly consists
of coherent excitations of time-reversed pairs, and that it can be selectively excited by
modulating the interaction strength, using for instance a Feshbach resonance in cold
atomic gases.

17



A new frontier: Few-body systems with spin-momentum coupling

Blume D. (Washington State University, Department of Physics and Astronomy, Pull-
man, WA 99164, USA)
Guan Q.

Traditionally, the coupling of the spin and momentum of particles has been investi-
gated in condensed matter systems. More recently, synthetic gauge fields have been
realized in cold atom systems, opening up an exciting alternative avenue for the study
of phenomena governed by the coupling of the spin and momentum (often referred to
as spin-orbit coupling). This talk will summarize our theoretical studies of few-body
systems with spin-momentum coupling and short-range two-body interactions.
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Structure of neutron-nich Sulfur isotopes

Bouhelal M. (Laboratoire de Physique Appliquée et Théorique, Université Larbi Tébessi,
Tébessa, Algérie)
Labidi M. Haas F. Caurier E.

A 0 and 1 h̄ω interaction called PSDPF [1] has been developed using a fitting procedure
to describe the intruder negative parity states in sd shell nuclei which coexist, at rela-
tively low excitation energies, with the ’normal’ positive parity states. PSDPF describes
relatively well the energy spectra of positive and negative parity states throughout the
sd shell. It is well known that the electromagnetic transition (EMT) strengths are a
stringent test of the interaction. Using PSDPF, the strengths (S), in W.u. of transitions
connecting sd states of opposite parities (ex.: E1 and E3) can now be calculated and
the needed effective charge values for E3 transition were adjusted. In the present work,
we are interested to study the spectroscopic properties, energy spectra as well as the
EMT, of neutron-rich Sulfur isotopes. The energy spectra of the even-even neutron-rich
Sulfur isotopes have been calculated up to 7.4 MeV in 32S, 6.5 MeV in 34S and 6.2 MeV
in 36S and compared to available data [2]. The PSDPF describes, in general, quite well
both positive and negative parity states in the studied isotopes. The energy differences
between calculated and experimental energies vary from 26 to 460 keV in 32S, from 3
to 400 keV in 34S and from 11 to 180 keV in 36S. States with collective character were
determined. Concerning the EMT, we calculated the S(E3) in W.u. of these isotopes
and compared them to the compiled data of Kibedi [3]. The obtained results are 20, 19
and 16 for 32S, 34S and 36S, respectively, their corresponding experimental values are
30±5, 17±5 and 15±5, respectively. We remark that our results agree very well with
experiment. A detailed discussion of the calculation and the comparison to experiment
will be presented.

[1] Bouhelal M., Haas F., Caurier E., Nowacki F. and Bouldjedri A., Nucl. Phys. A
864, 113 (2011)

[2] http://www.nndc.bnl.gov/nudat2
[3] Kibedi T. and Spear R.H., Atomic Data and Nuclear Data Tables. 80, 35 (2002)
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Electric properties of one-neutron halo nuclei in Halo EFT

Braun J. (TU Darmstadt, 64289 Darmstadt, Germany)
Hammer H.-W.

We exploit the separation of scales in weakly-bound nuclei to compute E2 transitions
and electric radii in a Halo EFT framework. The relevant degrees of freedom are the
core and the halo neutron. The EFT expansion is carried out in powers of Rcore/Rhalo,
where Rcore and Rhalo denote the core and halo radius, respectively. We include the
strong s-wave and d-wave interactions by introducing dimer fields. The dimer prop-
agators are regulated by employing the power-law divergence subtraction scheme and
matched to the effective-range expansion in the respective channel. Electromagnetic
interactions are included via minimal substitution in the Lagrangian. We demonstrate
that, depending on the observable and respective partial wave, additional local gauge-
invariant operators contribute in LO, NLO and higher orders. Finally, we present the
modifications needed for the extension of our work to higher partial-wave bound states
and discuss the consequences for universality in such systems.

∗ This work has been supported by Deutsche Forschungsgemeinschaft (SFB 1245).
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On the possible existence of 4n resonances

Carbonell J. (Institut Physique Nucléaire, Univ. Paris-Sud, IN2P3-CNRS, 91406 Orsay
Cedex, France)
Hiyama E. Lazauskas R. Kamimura M.

We examine the possibile existence of a narrow resonance in the four neutron sys-
tem as suggested by a recent experimental result in RIKEN [1]. Since any sensible
modification of the nucleon-nucleon (NN) potentials or on the leading contributions of
the three-nucelon (NNN) forces will strongly modify the nuclear chart, we have intro-
duced [2] a phenomenological T = 3/2 three neutron force, in addition to a realistic NN
interaction, as an artefact to acomodate a 4n resonance close to the threshold.

We inquired what whould be the strength of such a 3n force in order to generate
a resonance compatible with the experimental findings. The reliability of the resulting
three-neutron force in the T = 3/2 channel is examined, by analyzing its consistency
with the low-lying T = 1 states of 4H, 4He and 4Li and the 3H + n scattering.

Two independent configuration space methods are used in solving the four-body
problem: the Gaussian expansion method [3,4,5] to solve the Schrodinger equation and
the Lagrange-mesh technique applied to solve the Fadeev-Yakubowsky equation [6]. The
boundary conditions related to the four-body problem in the continuum are implemented
by using the complex scaling method [7,8] and the position of the 4n resonances in the
complex energy-plane are determined.

[1] K. Kisamori et al., Phys. Rev. Lett. 116 (2016) no.5, 052501
[2] E. Hyama, R. Lazauska, J. Carbonell, N. Kamimura, Phys. Rev. C93 (2016)

no.4, 044004
[3] M. Kamimura, Phys. Rev. A 38, 621 (1988).
[4] H. Kameyama, M. Kamimura, and Y. Fukushima, Phys. Rev. C 40, 974 (1989).
[5] E. Hiyama, Y. Kino, and M. Kamimura, Prog. Part. Nucl. Phys. 51, 223 (2003).
[6] R. Lazauskas and J. Carbonell, Phys. Rev. C 72, 034003 (2005), Phys. Rev. C

71, 044004 (2005).
[7] Rimantas Lazauskas, Jaume Carbonell, Few-Body Systems 54 (2013) 967-972
[8] J. Carbonell, A. Deltuva, A.C. Fonseca, R. Lazauskas, Prog. Part. Nucl. Phys.

74, 55 (2014).
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State-of-the-art N3LO chiral interactions

Carlsson B. D. (Chalmers University of Technology, Göteborg, Sweden)
Ekström A. Forssén C. Hebeler K.

Chiral effective field theory (χEFT) is the method of choice for low-energy ab-initio
calculations of nuclear properties. It contains a connection to the underlying theory
of quantum chromodynamics, and can be systematically improved by the inclusion of
higher orders. The inherent possibility to estimate the uncertainty of the method from
omitted higher-order terms is crucial for its predictive power. Recently, the full next-
to-next-to-next-to-leading order (N3LO) three-body force has been evaluated [1]. This
opens up for a thorough investigation into the properties and quality of N3LO chiral
interactions. In this talk I will show how such interactions have been obtained, us-
ing a simultaneous fit of all low-energy constants (LECs) to available pion-nucleon and
nucleon-nucleon scattering data and A = 2, 3 bound-state properties. To make this pos-
sible and at the same time fully exploiting the advantages of χEFT, we have developed
the capability [2] to (i) include estimates of the model uncertainty directly in the fit to
data and (ii) use an efficient implementation with automatic differentiation to attain
efficient and machine-precise first- and second-order derivatives of the objective function
with respect to the LECs. I will also present preliminary results for 4He and 16O with
estimates of the uncertainties and comparisons with χEFT predictions at lower orders.

[1] K. Hebeler, H. Krebs, E. Epelbaum, J. Golak, and R. Skibinski, Phys. Rev. C
91, 044001 (2015)

[2] B. D. Carlsson, A. Ekström, C. Forssén, D. F. Strömberg, G. R. Jansen, O. Lilja,
M. Lindby, B. A. Mattsson, and K. A. Wendt, Phys. Rev. X 6, 011019 (2016)
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Solutions of the Bethe-Salpeter equation for fermion boson system

Colasante D. (Phys. Dept. Rome Univ. ”Tor Vergata”)
Pace E. Salmè G. Frederico T. Viviani M.

After more than half century, in the last few years, to solve the Bethe-Salpeter equations
(BSEs), both homogeneous ( bound states) and inhomogeneous (scattering states), di-
rectly in Minkowski space is becoming feasible (see, e.g. [1-4]). The ladder BSE has been
investigated both for a two-scalar interacting system and a two-fermion one, with mas-
sive exchanged bosons. The technique, based on an initial Ansatz for the actual solution
has been greatly improved by the so-called Light-front projection, i.e. the integration
on the k− = k0 +k3 component of the interacting-pair relative momentum, The Ansatz
is constructed by using the Nakanishi integral representation of the BS amplitude, and
this makes possible and extremely effective the second ingredient, since one can analyti-
cally treat the singularities present in the BSE, crucial for the fermionic systems. In this
contribution, for the first time the extension to an interacting fermion-scalar system,
with different masses, will be presented as well as some preliminary numerical results.
In perspective, since both the interaction kernel can be improved and self-energies can
be included, our investigation is the needed initial step for elaborating new relativistic
phenomenological models of composite systems, in hadron physics or other fields.

[1] T. Frederico, G. Salmè and M. Viviani,”Two-body scattering states in Minkowski
space and the Nakanishi integral representation onto the null plane”, Phys. Rev. D 85,
(2012) 036009.

[2] T. Frederico, G. Salmè and M. Viviani, ”Quantitative studies of the homogeneous
BS equation in Minkowski space”, Phys. Rev. D 89, (2014) 016010.

[3] T. Frederico, G. Salmè and M. Viviani, ”Solving the inhomogeneous BS equation
in Minkowski space: the zero-energy limit”, Eur. Phys. J. C 75, 398 (2015).

[4] T. Frederico, G. Salmè and M. Viviani, ” The ladder BS equation for a two-
fermion system in Minkowski space: actual solutions”, in preparation.
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Semi-Analytical Approach to the Impenetrable Particles
in One-Dimensional Harmonic Traps

Dehkharghani A.S. (Aarhus University, Aarhus, Denmark)
Andersen M.E.S. Lindgren E.J. Volosniev A.G. Zinner N.T.

I will introduce our newly developed semi-analytical approach to the strongly inter-
acting two-component particles in one-dimensional harmonic traps. Here, I will go in
details on how we use the hard-core properties of the particles in the strongly interacting
regime to solve the 1D few-body system analytically. Further, I will illustrate the use
of hyperspherical coordinates and some other transformations, which is used in order
to solve the problem.

I will illustrate some of the main results for the 2+2 case in form of density-plots
and energies for different kind of mass-imbalanced particles. At the end of my talk, I
will talk about our on-going work on the 3+1 case and how we manage to solve such
imbalanced systems. I will also introduce the audience for our another idea of how one
can use the information obtained in strongly interacting and non-interacting limit to
predict the wave function and its corresponding energy for any system with some finite
arbitrary interaction strength. The talk will be based on the recently submitted articles
[1] and [2].

[1] arXiv.org/abs/1511.01702
[2] arXiv.org/abs/1512.08905
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Polarized 3He target and final state interactions in SiDIS

Del Dotto A. (INFN - Sezione di Roma)
Pace E. Salmè G Scopetta S. Kaptari L.

At Jlab12, in order to get the flavor decomposition, the parton transverse-momentum
distributions (TMDs) in the neutron will be studied through polarized Semi-inclusive
deep-inelastic scattering (SIDIS) experiments on 3He, where a high-energy pion (or
kaon) is detected in coincidence with the scattered electron. To reliably disentangle
nuclear and partonic degrees of freedom it is crucial to get an accurate theoretical de-
scription of both initial and final states. In a recent paper [1], we have carried out a
study of a SIDIS process on polarized 3He where a spectator nucleon-pair in a deuteron
state is detected. Within a non-relativistic framework, we have taken into account the
very challenging issue of the final state interaction, between the observed deuteron and
the remnant, through a distorted spin-dependent spectral function, based on a general-
ized eikonal approximation. The 3He initial state was taken from the careful calculation
with the AV18 NN interaction performed by the Pisa group. In this contribution, the
extension to the standard SIDIS, where a pion (or a kaon) is detected, and the recoil-
ing nucleon-pair can be in any state, will be presented [2] together with preliminary
results illustrating the possibility of a reliable extraction of the neutron TMDs. It has
to be pointed out that a Montecarlo for the analysis of the forthcoming JLAB experi-
ment on polarized 3He is under construction, exploiting our treatment of the final state
interaction.

[1] A. Del Dotto, L. Kaptari, E. Pace, G. Salmè and S. Scopetta ”Distorted spin-
dependent spectral function of an A=3 nucleus and semi-inclusive deep-inelastic scat-
tering processes”, Phys. Rev. C 89, (2014) 035206.

[2] A. Del Dotto, L. Kaptari, E. Pace, G. Salmè and S. Scopetta, ” Final state in-
teractions in deep inelastic meson electroproduction off transversely polarized 3He and
the extraction of neutron single spin asymmetries”, in preparation.
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Nucleon transfer reactions in few-body nuclear systems

Deltuva A. (Vilnius University, Vilnius, Lithuania)
Fonseca A.C.

Three- and four-body scattering is described solving Faddeev-Yakubovsky or equivallent
Alt-Grassberger-Sandhas integral equations for transition operators in momentum-space
[1]. Several realistic nuclear interaction models are used; the Coulomb force between
charged particles is taken into account via the screening and renormalization method.

In the three-body sector we calculate the proton transfer reaction (d, n) in the sys-
tem consisting of a nuclear core and two nucleons. For a weakly bound final nucleus
as 8B or 17F the calculation of the (d, n) reaction is more demanding in terms of the
screening radius as compared to the (d, p) reaction. The calculations using nonlocal op-
tical potential provide quite successful description for the differential cross section of the
16O(d, n)17F reaction, especially for the transfer to 17F excited state 1/2+, confirming
the one-proton halo nature of this state [2].

In the four-nucleon sector first calculations above the breakup threshold emerged few
years ago and mostly were limited to nucleon-trinucleon elastic scattering and charge-
exchange reactions [3]. Following recent developments in the description of deuteron-
deuteron elastic scattering [4], we present the current work in progress on (d, p) and (d, n)
transfer reactions in deuteron-deuteron collisions up to 25 MeV lab energy. Differential
cross sections, deuteron analyzing powers, outgoing nucleon polarization, and deuteron-
to-neutron polarization transfer coefficients are calculated. Due to the large spatial size
of the deuteron, the calculation of transfer reactions is more demanding in terms of
partial waves as compared to nucleon-trinucleon scattering. This manifests itself in a
complicated angular dependence of observables, exhibiting a number of local minima and
maxima. Nevertheless, well converged results are obtained and good overall agreement
with the experimental data is found. The total breakup cross section is calculated as
well via the optical theorem.

[1] E. O. Alt, P. Grassberger, and W. Sandhas, Nucl. Phys. B2, 167 (1967)
[2] A. Deltuva, Phys. Rev. C 92, 064613 (2015)
[3] A. Deltuva and A. C. Fonseca, Phys. Rev. Lett. 113, 102502 (2014); Phys. Rev.

C 91, 034001 (2015)
[4] A. Deltuva and A. C. Fonseca, Phys. Rev. C. 92, 024001 (2015).
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Antiferromagnetic Heisenberg Spin Chain of a Few Cold Atoms in a
One-Dimensional Trap

Deuretzbacher F. (Department of Theoretical Physics, Leibniz University Hanover,
Hanover, Germany)
Murmann S. Zürn G. Bjerlin J. Becker D. Reimann S.M. Lompe T. Jochim S. San-
tos L.

We consider ultracold atoms with spin and strong spin-independent delta interaction
in a one-dimensional harmonic trap. These systems fermionize in the limit of infinite
repulsion. Moreover, they form a spin chain [1] and the interactions between the spins
are given by a Heisenberg model [2]. Such spin chains have been realized recently in
Selim Jochim’s group in Heidelberg with a few atoms in the antiferromagnetic state and
the spin configuration has been detected [3]. We will first develop the theoretical model
for the description of spin chains consisting of fermionized particles and then apply it to
the experiment. Finally, we present momentum distributions of large systems in various
regimes [4].

[1] F. Deuretzbacher, K. Fredenhagen, D. Becker, K. Bongs, K. Sengstock, and D.
Pfannkuche, Phys. Rev. Lett. 100, 160405 (2008)

[2] F. Deuretzbacher, D. Becker, J. Bjerlin, S. M. Reimann, and L. Santos, Phys.
Rev. A 90, 013611 (2014)

[3] S. Murmann, F. Deuretzbacher, G. Zürn, J. Bjerlin, S. M. Reimann, L. Santos,
T. Lompe, and S. Jochim, Phys. Rev. Lett. 115, 215301 (2015)

[4] F. Deuretzbacher, D. Becker, and L. Santos, arXiv:1602.06816 (2016)
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The strong decay mode J/ψp for the pentaquark states P+
c (4380) and

P+
c (4450) in ΣcD̄

∗ molecular scenario

Dong Yu-bing. (Institute of High Energy Physics, Chinese Academy of Science)
Lü, Qi-Fang

The strong decay channels of P+
c (4380) → J/ψp and P+

c (4450) → J/ψp, under the
ΣcD̄

∗ molecular state ansatz, are estimated with the various spin-parity assignments.
Our results show that all the P -wave ΣcD̄

∗ assignments are excluded, while the S-wave
ΣcD̄

∗ pictures for Pc(4380) and Pc(4450) are both allowed by the present experimental
data. Moreover, the JP = 3/2− Σ∗

cD̄ and Σ∗
cD̄

∗ molecules are also discussed in the
heavy quark limit, and we find that the Σ∗

cD̄ system for Pc(4380) is possible [1]. More
experimental information on spin-parities and partial decay widths and theoretical in-
vestigations on other decay modes are needed to clarify the nature of the two Pc states.
Finally, the production of the neutral Pc states is also discussed [2].

[1]Qi-Fang Lü and Yu-Bing Dong, ”Strong decay mode of J/ψp of hidden charm pen-
taquark states P+

c (4380) and P+
c (4450) in Σc D

∗ molecular scenario”, arXiv:1603.00559
[hep-ph].

[2]Qi-Fang Lü, Xiao-Yun Wang, Ju-Jun Xie, Xu-Rong Chen and Yu-Bing Dong,
”Neutral hidden charm pentaquark states P 0

c (4380) and P 0
c (4450) in π−p → J/ψn

reaction”, Phys. Rev. D 93, 034009 (2016), arXiv:1510.06271 [hep-ph].
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Many-body localisation and spin-charge separation in strongly inter-
acting one-dimensional disordered systems

Duncan C. (Heriot-Watt University, Edinburgh, Scotland)
Valiente M. Öhberg P.

Recently, the topic of many-body localisation (MBL) has received a lot of interest
both theoretically and experimentally [-1,2]. During this time there has also been a
drive to obtain solutions for multicomponent few-body systems in the strongly inter-
acting regime [3,4]. These two topics have been largely developed separately. However,
the generality of the latter as far as external potentials are concerned – including ran-
dom and quasi-random potentials– and their shared spatial dimensionality (i.e. one
dimension), makes it a potentially interesting way of dealing with MBL in the strongly-
interacting regime. Here, we look into using these advances together. By using tools
developed for few-body systems (the Aarhus code CONAN [5] in particular) we look to
gain insight into MBL in spin systems. In this case, charge and spin degrees of freedom
are well separated, and while a disordered potential will result in the localisation of
particles [6], i.e. the charge – in the strongly interacting limit, there is the possibility
for the spins to be delocalised, or localised independently of the particles localisation
or absence thereof. We will present our results for up to 20 particles (spins), and dis-
cuss the different ”phases” (localised, delocalised and mixed) that the spin degrees of
freedom can have.

[1] R. Nandkishore and D. A. Huse, arXiv:1404.0686v2 [cond-mat.stat-mech]
[2] M. Schreiber, S. S. Hodgman, P. Bordia, H. Luschen, M. H. Fischer, R. Vosk, E.

Altman, U. Schneider, and I. Bloch, Science 349, 842 (2015)
[3] A. G. Volosniev, D. V. Fedorov, A. S. Jensen, M. Valiente, and N. T. Zinner,

Nat. Commun. 5, 5300 (2014).
[4] F. Deuretzbacher, D. Becker and L. Santos, arXiv:1602.06816v2 [cond-mat.quant-

gas]
[5] N. J. S. Loft, L. B. Kristensen, A. E. Thomsen, A. G. Volosniev and N. T. Zinner,

arXiv:1603.02662 [cond-mat.quant-gas]
[6] M. Serbyn, Z. Papie and D. A. Abanin, Physical Review X 5, 041047 (2015)
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Recent results in nuclear chiral effective field theory

Epelbaum E. (Ruhr-University Bochum, Bochum, Germany)

Remarkable progress is being made towards quantitative understanding of nuclear forces
and electroweak exchange current operators in the framework of chiral effective field the-
ory. I will present the status of nuclear chiral EFT and discuss selected applications of
the recently developed fifth-order nucleon-nucleon potentials [1], along with the novel
approach to quantify the theoretical truncation errors [2], to nucleon-deuteron scattering
and low-energy properties of light nuclei [3].

[1] Epelbaum E., Krebs H. and Meiner U.-G., Phys. Rev. Lett. 115, 122301 (2015)
[2] Epelbaum E., Krebs H. and Meiner U.-G., Eur. Phys. J. A51, 53 (2015 )
[3] LENPIC Collaboration (Binder S. et al.), Phys. Rev. C93, 044002 (2016)
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Program of Compton Scattering Studies on Light Nuclei at HIGS

Feldman G. (George Washington University, Washington, DC)
Compton at HIGS Collaboration

The High Intensity Gamma Source (HIGS) at Duke University delivers intense monoen-
ergetic photon beams with high degrees of linear or circular polarization by backscat-
tering of free-electron laser (FEL) photons [1]. To exploit the unique capabilities of this
facility, we have begun an ambitious program of Compton scattering studies on light (A
= 1-6) nuclear targets with the objective of determining the nucleon electromagnetic
polarizabilities. A new state-of-the-art unpolarized cryogenic target system has recently
been developed at HIGS that can liquefy hydrogen, deuterium, 3He and 4He for the
primary purpose of Compton scattering. An initial commissioning run on 4He was
performed in September 2015 as a precursor to longer runs on hydrogen/deuterium in
the future. Experiments on deuterium will elucidate the electromagnetic polarizabilities
of the neutron (αn and βn) and provide high precision data for comparison with chiral
Effective Field Theory calculations [2] and also with recent data coming from MAX-Lab
at Lund [3,4]. Our first production run on deuterium at Eγ = 65 MeV was performed
in April 2016, and we obtained excellent statistics in the 300-hour running period. A
follow-up deuterium run is planned at Eγ = 85 MeV for June 2016. A new proposal
for Compton scattering on 3He was just approved by the HIGS PAC – this experiment
would constitute the first Compton data ever taken on a 3He target and is expected to
run in Spring 2017. This would provide an alternate means of accessing the neutron elec-
tromagnetic polarizabilities in an entrance channel independent of the usual deuteron
experiments. Another experiment that is planned in the future will measure the pho-
ton beam asymmetry for 85-MeV linearly polarized photons incident on an unpolarized
proton target to get a model-independent determination of the proton polarizabilities
(αp and βp) – these data will be compared with recent results from Mainz in the energy
range 80-150 MeV [5]. In this talk, an overview of the Compton program at HIGS will
be presented, preliminary results from the recent deuterium experiments at 65 and 85
MeV will be shown, and prospects for future measurements and their impact will be
discussed.

[1] Weller H.R., Ahmed H.W., Gao H., Tornow W., Wu Y.K., Gai M. and Miski-
men R., Prog. Part. Nucl. Phys. 62, 209 (2009).

[2] Griesshammer H.W., McGovern J.A., Phillips D.R. and Feldman G., Prog. Part.
Nucl. Phys. 67, 841 (2012).

[3] Myers L.S. et al., Phys. Rev. C92, 025203 (2015).
[4] Myers L.S. et al., Phys. Rev. Lett. 113, 262506 (2014).
[5] Sokhoyan V. and Downie E.J., ECT* Workshop on Compton Scattering off Pro-

tons and Light Nuclei (Trento, Italy, July 2013).
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From J/ψ to LHCb pentaquarks

Fernández F. (Universidad de Salamanca, Salamanca, Spain)
Ortega P.G. Entem D.R.

Since the mythical date of November 1974, when the J/ψ particle was discovered, two
important dates have recently appeared in the field of the charm physics. In 2003 Belle
collaboration discovered two new states, the X(3872) and the Ds(2317), whereas CLEO
collaboration measured the properties of the Ds(2460). In 2015 the LHCb collaboration
found two exotic structures in the J/ψp channel that are compatible with pentaquark
states. None of these particles can be accommodated in the predictions of the naive
(but successful quark models).

Constituent quark models have achieved a reasonable description of the low-lying
states of the meson and baryon spectrum. However, as we approach a two-particle
threshold, the residual interaction between them can form molecular states. Then, one
can expect molecular structures near each meson-meson or baryon-meson threshold.
These structures can coincide or not with the quantum numbers of a qq̄ or qqq state.
This is the case of the new states because they all are in the vicinity of a threshold. It is
worth to notice that the description of this type of structures is tricky from a theoretical
point of view because the strength of the residual interaction is usually model dependent
and one can generate spurious states if this interaction is not under control.

In this work we use to study these new structures, a constituent quark model [1]
that has been applied to a wide range of hadronic observables, and therefore, it has
all parameters completely constrained . The model has been able to reproduce the
properties of the X(3872), described as a mixture of cc̄ and DD̄∗ states [2]. Moreover
the spectrum of the P-wave charm-strange mesons are well reproduced if DK and DK∗
structures are taken into account [3].

As the P ∗
c(4380) and P ∗

c(4450) states lie near the D̄Σ∗
c and the D̄∗Σc thresholds

we investigate possible molecular structures with this composition. We found a D̄Σ∗
c

bound state with JP = 3−

2 and M=4385 MeV/c2 decaying to J/ψp and D∗Λc which
may be identified with the P ∗

c(4380) pentaquark, although the predicted width is smaller
than the experimental one. With respect to the P ∗

c(4450) pentaquark we found three
candidates in the D̄∗Σc channel with JP = 1−

2 , JP = 3−

2 and JP = 3+

2 and almost
degenerated masses around M=4460 MeV/c2. Finally we predict two more pentaquark
states: a D̄Σc bound state with JP = 1−

2 and mass M=4321 MeV/c2 and a D̄∗Σ∗
c with

JP = 3−

2 and mass M=4523 MeV/c2.
Our results show that a constituent quark model which is able to describe the or-

dinary spectrum of charmonium is also able to provide a good description of the new
states reported recently, when molecular structures are included in the calculation.
[1] J. Vijande et al., J.Phys.G31(2005)481; J. Segovia et al., Phys.Rev.D78(2008)114033
[2] P. G. Ortega, D. R. Entem and F. Fernandez, J. Phys. G40 065107 (2013)
[3] P.G. Ortega. J. Segovia, D. R. Entem and F. Fernandez, arXiv: 1603.07000
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Benchmark results for few-body hypernuclei

Ferrari Ruffino F. (University of Trento, Trento, Italy)
Barnea N. Deflorian S. Leidemann W. Lonardoni D. Nogga A. Orlandini N. Pederiva-
F.

In view of an increasing interest in the physics of hypernuclei, accompanied by an
intense experimental activity, it is necessary to understand how well theory is able to
account for experimental results, discriminating among different interaction models. To
this aim it is important to understand the degree of accuracy of the methods used
to solve the Schrödinger equation for systems with strange and non-strange baryons.
Therefore we will present benchmark results obtained in light hypernuclei with four dif-
ferent few/many-body methods and different NN and NY potentials. The perspectives
for extending the calculations to more complex interactions and to systems with double
strangeness will be discussed.
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Electromagnetic selection rules for 12C in a 3 α cluster model

Fortunato L. ( Dipartimento di Fisica e Astronomia ”G.Galilei”, Università di Padova
and I.N.F.N.- Sez. di Padova; v. Marzolo, 8, I-35131, Padova, ITALY)
Stellin G. Vitturi A.

The recent successful application of the algebraic cluster model [1] to the energy spec-
trum of 12C has brought a new impetus on spectroscopy of this and other α−conjugate
nuclei. In fact, known spectral properties have been reexamined on the basis of vibra-
tions and rotations of three α particles at the vertexes of an equilateral triangle and
new excited states have been measured that fit into this scheme [2]. The analysis of this
system entails the application of molecular models for rotational-vibrational spectra to
the nuclear context and requires deep knowledge of the underlying group-theoretical
properties, based on the D3h symmetry, similarly to what is done in quantum chem-
istry. We have recently analyzed [3] the symmetries of the model and the quantum
numbers in great depth, reproducing the all-important results of Wheeler [4] and we
have derived electromagnetic selection rules for the system of three α particles, finding,
for example, that electric dipole E1 and magnetic dipole M1 excitations are excluded
from the model. The lowest active modes are therefore E2, E3,· · · and M2, M3, · · ·
although there are further restrictions between certain types of bands. The selection
rules summarized in the table below provide a clear way to decide if a certain state
belongs to the alpha cluster model or not and they might help to the further unravel
the electromagnetic properties of 12C. With the perspective of new facilities (such as
ELI) where photo-excitation and photo-dissociation experiments will play a major role,
a complete understanding of e.m. selection rules as a tool to confirm or disprove nuclear
stucture models, is mandatory.

Γ(in.) ↔ Γ(fin.) Electric Magnetic
A′

1 ↔ A′
1 E2,3,· · · M4,6,7,· · ·

E′ ↔ E′ E2,3,· · · M2,3,· · ·
A′

1 ↔ E′ E2,3,· · · M2,3,· · ·

[1] R. Bijker and F. Iachello, Phys. Rev. Lett. 112, 152501 (2014)
[2] D.J. Maŕın-Lámbarri, R. Bijker, M. Freer, M. Gai, T. Kokalova, D.J. Parker and

C. Wheldon, Phys. Rev. Lett. 113, 012502-1 (2014)
[3] G. Stellin, L. Fortunato and A. Vitturi, J.Phys. G, submitted (2016)
[4] J.A. Wheeler, Phys. Rev. 52, 1083–1106 (1937)
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Four-boson scale symmetry breaking and limit cycle

Frederico T. (Instituto Tecnológico de Aeronáutica, São José dos Campos, Brazil)
de Paula W. Tomio L. Yamashita M.T. Delfino A.

We present an approximate solution to the four-boson bound state by solving the
scale-symmetric form of the Faddeev-Yakubovski (FY) equations with contact interac-
tion at large momentum. For that, we generalize the Danilov technique [1] used to treat
the zero-range three-boson problem, exploring the scale symmetry of the Skorniakov-
Ter-Martirosian equation, leading to the well-known log-periodic solution carrying the
three-body scale. Within our approach, we show that the geometrical ratio between two
consecutive tetramer energies (obtained in the zero energy limit for the triton binding)
is given by exp(2π/s4), with s4 = 1.25167. This new limit cycle, which is independent
of the trimer one, was verified numerically by solving the FY equations at the unitary
limit [2]. Our approximate analytical solution is consistent with this values.

[1] Danilov G.S., JETP 40, 698 (1961); Sov. Phys. JETP 13, 349 (1961)
[2] Hadizadeh M.R., Yamashita M.T., Tomio L., Delfino A., Frederico T., Phys.

Rev. Lett. 107, 135304 (2011)
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Three-body wave functions in the continuum.
Application to the Coulomb case

Garrido E. (Instituto de Estructura de la Materia, CSIC, Madrid, Spain)
Kievsky A. Viviani M.

In this work we investigate the connection between discretized three-body continuum
wave functions, in particular via a box boundary condition, and the wave functions
computed with the correct asymptotic behaviour. The three-body wave functions are
in both cases obtained by means of the adiabatic expansion method. The information
concerning all the possible incoming and outgoing channels, which appears naturally
when the continuum is not discretized, seems to be lost when the discretization is
implemented. In this work we show that both methods are fully equivalent, and the
full information contained in the three-body wave function is actually preserved in the
discrete spectrum. Therefore, in those cases when the asymptotic behaviour of the wave
function is not known analytically, i.e., when the Coulomb interaction is involved, the
discretization technique can be safely used.

Also, when applied to three-body systems interacting only through the Coulomb
potential, this method provides the regular three-body Coulomb wave functions for the
problem under investigation. A method to obtain the corresponding irregular Coulomb
wave functions is also described. These regular and irregular Coulomb functions can
be used in order to extract the S-matrix for reactions where, together with some short-
range potential, the Coulomb interaction is also present. The method is illustrated with
the three-alpha system.
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Ab initio calculations of light hypernuclei

Gazda D. (Chalmers University of Technology, Gothenburg, Sweden)
Navrátil P. Wirth R. Roth R. Gal A.

In the present contribution we report on ab initio calculations of light nuclear systems
with strangeness. Recently, we developed the no-core shell model (NCSM) technique
with strangeness degrees of freedom and applied this method in calculations of light Λ
hypernuclei [1]. Two equivalent formulations of hypernuclear NCSM were developed,
both of which include explicit Λ and Σ hyperons together with Λ − Σ conversion re-
quiring a proper treatment of different baryon species and coupled-channel interactions.
The first formulation utilizes a many-body harmonic oscillator (HO) basis defined in
relative Jacobi coordinates and allows to perform calculations in very large model spaces
for few-body hypernuclear systems. With increasing number of particles a formulation
of the NCSM in a basis of Slater determinants of single-particle HO wave functions be-
comes more efficient. In our calculations we employed state-of-the-art realistic two- and
three-body interactions derived from chiral perturbation theory. We used chiral SU(3)
hyperon–nucleon interactions at LO [2], together with N3LO nucleon–nucleon [3] and
N2LO three-nucleon [4] interactions. We demonstrated that the NCSM is a powerful
and reliable technique to study hypernuclear systems from first principles. It allowed
us to perform for the first time systematic ab initio calculations of light s- and p-shell
Λ hypernuclei as well as to study topical issues such as charge symmetry breaking in
mirror hypernuclei [5]. In this talk I will briefly introduce the hypernuclear NCSM and
report on our recent results.

[1] R. Wirth, D. Gazda, P. Navrátil, A. Calci, J. Langhammer, R. Roth, Phys. Rev.
Lett. 113, 192502 (2014).

[2] H. Polinder, J. Haidenbauer, U.-G. Meißner, Nucl. Phys. A 779, 244 (2006).
[3] D. R. Entem, R. Machleidt, Phys. Rev. C 68, 04001 (2003).
[4] P. Navrátil, Few-Body Systems 41, 117 (2007).
[5] D. Gazda, A. Gal, Phys. Rev. Lett. 116, 122501 (2016).

37



Break-up channels in muon capture on 3He and 3H

Golak J. (Jagiellonian University, Cracow, Poland)
Skibiński R. Wita la H. Topolnicki K. Kamada H. Nogga A. Marcucci L.E. Elmesh-
neb A.E.

Muon capture reactions on light nuclei have been investigated experimentally and the-
oretically for many years. While early results were described in Refs. [1-3], more recent
theoretical work, focused on the µ−+2H → νµ+n+n and µ−+3He → νµ+3H reactions,
was summarized in Refs. [4-6].

In Ref. [7], we combined our expertise from momentum space treatment of electro-
magnetic processes [8-9] and from the potential model approach developed in Ref. [4]
to confirm earlier predictions for the µ− +2 H → νµ + n + n and µ− +3 He → νµ +3 H
reactions and to obtain for the first time realistic estimates for the total rates of the
muon capture reactions on 3He in the n+ d and n+n+ p break-up channels. Although
the bulk of our results in Ref. [7] was acquired with the single nucleon weak current
operator, we could also include two-nucleon weak current operators from Ref. [10].

Muon capture on 3H has attracted less attention. Theoretical studies of this reaction
were started in the seventies of the 20th century [11-13] and continued in the eighties [14].
Those early calculations were performed predominantly in the configuration space, using
two-nucleon potential models available at that time.

We decided to investigate this reaction, since it allows one to study the neutron-
neutron interaction and the three-neutron force acting exclusively in the total isospin
T = 3/2 state. Besides, its study is for us the natural next step after the µ− +3 He →
νµ + n + n + p reaction has been considered. In this contribution we present results
for the total and differential capture rates obtained for the first time with modern
semi-phenomenological forces. Our predictions for the three-body break-up of 3H are
calculated with the AV18 [15] potential, augmented by the Urbana IX three-nucleon
force, incorporating all final state interactions.

We believe that our momentum space framework, which allows us to describe cap-
ture reactions on all the A ≤ 3 nuclei, constitutes a firm base for the future, when
fully consistent results for the nuclear forces and electro-weak current operators derived
within chiral effective field theory become available.

[1] Measday D.F, Phys. Rep. 354, 243 (2001)
[2] Gorringe T. and Fearing H.W., Rev. Mod. Phys. 76, 31 (2004)
[3] Kammel P., Kubodera K., Annu. Rev. Nucl. Part. Sci. 60, 327 (2010)
[4] Marcucci L.E. et al., Phys. Rev. C 83, 014002 (2011)
[5] Marcucci L.E., Int. J. Mod. Phys. A 27 1230006 (2012)
[6] Marcucci L.E., Machleidt R., Phys. Rev. C 90, 054001 (2014)
[7] Golak J. et al., Phys. Rev. C 90, 024001 (2014)
[8] Golak J. et al., Phys. Rept. 415, 89 (2005)
[9] Skibiński R. et al., Eur. Phys. J. A 24, 31 (2005)

[10] Marcucci L.E. et al., Phys. Rev. C 63, 015801 (2000)
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[13] Torre J. and Goulard B., Phys. Rev. Lett. 43 1222 (1979)
[14] Dzhibuti R.I, Kezerashvili R.Ya., Sov. J. Nucl. Phys. 39, 700 (1984)
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Mystery of 9He, exotic neutron rich light nuclei, and a way to them
through their isobar analog states

Goldberg V.Z. (Texas A&M University, College Station, USA)
Uberseder E. Rogachev G.V. Roeder B.T. Koshchiy E. Alcorta M. Chubarian G.
Hooker J. Davids B. Fu C. Jayatissa H. Melconian D. Tribble R.E.

The original interest to the 9He spectrum is evidently related with an unusual N to
Z ratio which is 3.5. During the last 25 years the properties of the lowest states in 9He
were under intensive experimental and theoretical investigation. It appears that the
nuclear structure of these states (1/2+ and 1/2−) can not be explained on the ground
of our present knowledge. Indeed, different experiments including a recent one [1, see
history there] of (d,p) reaction induced by a rare 8He beam, claimed a narrow ( 100
keV) 1/2− first excited state. Various model calculations including recent ab initio ap-
proaches [2] could not reproduce experimental results giving ten times larger widths for
the 1/2−. This clear contradiction between experiment and contemporary theory could
be a sign of an unusual nuclear structure at the border of nucleon stability.

We used a relatively novel experimental technique of obtaining information on neu-
tron rich exotic nuclei through their analog states in neighbouring nuclei populated in
resonance reactions with rare beams. We have made measurements of the 8He+p res-
onance elastic scattering to obtain information on T=5/2 levels in 9LI. We used 8He
beam with energy of 4 MeV/A and intensity 104pps provided by the TRIUMF facili-
ties. The measurements of the excitation function were made by Thick Target Inverse
Kinematics method [3-5] (TTIK). As a result, our high resolution and high counting
statistics study[6]of the excitation functions for the 8He+p elastic scattering did not
reveal any narrow structures which could be related with the claimed states in 9He.
However we observed a strong Wigner cusp at the threshold of decay of 9Li into the
8Li(T=2,0+) +n channel. This finding gave evidence for the presence of a l=0 resonance
as the isobar analog of the 9He ground state. Evidently, these results show for a new
binding energy of 9He as well as its different properties. I’ll present the results of this
work and its consequences for some very exotic nuclei, and consider the perspective of
the present experimental approach for future studies.

[1]T. Al Kalanee et al., Phys. Rev. C 88, 034301 (2013)
[2]K. M. Nollett Phys.Rev. C 86, 044330 (2012)
[3]K.P. Artemov, et al., Sov. J. Nucl. Phys., 52 (1990) 406
[4]V.Z. Goldberg, in ENAM98, edited by (AIP, Woodbury, NY, 1998), p. 319.
[5]G.V. Rogachev et al., AIP Conf.Proc. 1213 (2010)
[6] E Uberseder et al., Phys. Lett. B 754, 323 (2016)
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Universality studies in the heavy-heavy-light Efimov system

Greene C.H. (Purdue University, West Lafayette, Indiana, USA)
Giannakeas P. Han Hui-li.

With the advent of recent experimental investigations[1-3] of Efimov physics in heavy-
heavy-light (HHL) systems such as Cs-Cs-Li, it is of increasing interest to understand
which aspects exhibit the role of van der Waals universality. Much of the interest is in
discovering the degree of universality and its role in controlling the positions and the
lineshapes of recombination resonances, as well as other features in the spectrum. This
talk will review some of the ongoing theoretical investigations of these aspects and show
some comparisons with experimental results.

[1] Pires R., Ulmanis J., Häfner S., Repp M., Arias A., Kuhnle E.D., and Wei-
demüller M., Phys. Rev. Lett. 112, 250404 (2014)

[2] Tung S.-K., Jimenez-Garcia K.,Johansen J.,Parker C.V., and Chin C., Phys.
Rev. Lett. 113, 240402 (2014)

[3] Maier R.A.W., Eisele M.,Tiemann E., and Zimmermann C., Phys. Rev. Lett.
115, 043201 (2015)
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Antinucleon-nucleon interaction in chiral effective field theory

Haidenbauer J. (Forschungszentrum Jülich GmbH, Jülich, Germany)
Kang X.-W. Universidad de Murcia, Murcia, Spain Meißner U.-G. University of Bonn,
Bonn, Germany

We present results of an exploratory study of the N̄N interaction within chiral effec-
tive field theory [1]. The N̄N potential is derived up to next-to-next-to-leading order,
based on a modified Weinberg power counting, in close analogy to pertinent studies of
the nucleon-nucleon interaction. The low-energy constants associated with the arising
contact interactions are fixed by a fit to phase shifts and inelasticities provided by a
recently published phase-shift analysis of antiproton-proton scattering data.

Based on this N̄N interaction we provide predictions for the proton electromagnetic
form factors GE and GM in the timelike region, close to the N̄N threshold. It turns
out that the steep rise of the effective form factor for energies close to the p̄p threshold
can be explained solely in terms of the p̄p interaction. The corresponding experimental
information is quantitatively described by our calculation. Furthermore, we show that
the enhancement in the p̄p near-threshold invariant mass spectrum measured in J/ψ
and ψ′ decays can be likewise understood in terms of the p̄p interaction [3].

[1] Kang X.-W., Haidenbauer J., and Meißner U.-G., JHEP 1402, 113 (2014)
[2] Haidenbauer J., Kang X.-W., and Meißner U.-G., Nucl. Phys. A 929, 102 (2014)
[3] Kang X.-W., Haidenbauer J., and Meißner U.-G., Phys. Rev. D 91, 074003

(2015)
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Solvable Models for a Few Atoms in a Few One-Dimensional Wells

Harshman N.L. (American University, Washington, DC, USA)

This project identifies networks of one-dimensional, few-particle, few-well models that
can be smoothly connected by tuning trap shape and two-body interaction parameters.
Solvable models within these networks are identified and analyzed by exploiting sym-
metries in few-body configuration space and phase space. In one-dimension, ordering
permutation symmetry is particularly effective for generating new models. Ordering
permutation symmetry is distinct from particle permutation symmetry and arises when
there are similar regions in configuration space that are completely disconnected due to
unitary interactions and/or infinite well barriers. Experiments with a few atoms or with
ultracold gases trapped in effectively one-dimensional wells are analyzed by comparison
with nearby solvable models using approximation schemes like perturbation theory or
variational methods. The transition from systems with a few particles in a few wells
to systems with many particles in large lattices can be explored using these techniques.

43



Short-Range Fermion Correlations: From neV to MeV

Hen O. (Laboratory for Nuclear Science, MIT)

The atomic nucleus is composed of two different kinds of fermions, protons and neu-
trons. If the protons and neutrons did not interact, the Pauli exclusion principle would
force the majority fermions, usually neutrons, to higher average momentum. In this
talk I will present results from high-energy proton and electron scattering experiments,
which show that short-range interactions between the fermions form correlated, high-
momentum, neutron- proton pairs. Thus, in neutron-rich nuclei the probability of find-
ing a high- momentum (k > kFermi) proton (a minority Fermion) is greater than that of
a neutron (a majority Fermion). This has wide ranging implications for atomic, nuclear,
atomic, and astro physics, including neutrino-nucleus interactions, the EMC effect, the
NuTeV anomaly, the nuclear symmetry energy and more. This feature is universal
for imbalanced interacting Fermi systems and can also be observed experimentally in
two-spin states ultra-cold atomic gas systems.
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Combining few-body cluster structures with many-body mean-field meth-
ods

Hove D. (Aarhus University, Aarhus, Denmark)
Zinner N.T. Jensen A.S. Garrido E. Sarriguren P. Fedorov D.V. Fynbo H.O.T.

Nuclear cluster physics implicitly assumes a distinction between groups of degrees-of-
freedom, that is the (frozen) intrinsic and (explicitly treated) relative cluster motion.
We formulate a realistic and practical method to describe the coupled motion of these
two sets of degrees-of-freedom.

We derive a coupled set of differential equations for the system using the phenomeno-
logically adjusted effective in-medium Skyrme type of nucleon-nucleon interaction. We
select a two-nucleon plus core system where the mean-field approximation correspond-
ing to the Skyrme interaction is used for the core [1]. A hyper-spherical adiabatic
expansion of the Faddeev equations is used for the relative cluster motion [2]. The
coupled equations are solved by iteration, where the fixed three-body structure gives
rise to an external field on the core nucleons, and the nucleon-core potential for the
three-body calculation is obtained with the nucleon-nucleon interaction folded into the
core mean-field wave function. The Pauli principle is accounted for by excluding the
states occupied by core nucleons, and vice versa, in each of the iterative steps.

We shall specifically compare both the structure and the decay mechanism found
from the traditional three-body calculations with the result using the new boundary
condition provided by the full microscopic structure at small distance. The extended
Hilbert space guaranties an improved wave function compared to both mean-field and
three-body solutions. We shall investigate (i) how borromean halos emerge from the
initial mean-field structure, (ii) structures of 22C (20C+n+n) and 34Ne (32Ne+n+n), and
(iii) both structure and decay mechanism of the most important rapid-proton waiting
points around A ' 70 [3].

In conclusion, we have developed a method combining nuclear few- and many-body
techniques without loosing the descriptive power of each approximation at medium-to-
large distances and small distances respectively. The coupled set of equations are solved
self-consistently, and both structure and dynamic evolution are studied.

[1] D. Vautherin and D. M. Brink, Phys. Rev. C 5, 626 (1972).
[2] E. Nielsen, D.V. Fedorov et al., Phys. Rep. 347, 373 (2001).
[3] D. Hove, A. S. Jensen et al., Phys. Rev. C 93, 024601 (2016).
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Structure and decay at rapid proton capture waiting points

Hove D. (Aarhus University, Aarhus, Denmark)
Zinner N.T. Jensen A.S. Garrido E. Fedorov D.V. Fynbo H.O.T.

The location of the proton dripline is essentially known from experiments. However,
both structures and decay mechanisms are still not determined, although of great im-
portance for the synthesis of heavy nuclei. In particular, the rapid-proton process is
stalled at the so-called waiting points [1] with borromean structure where two protons
are bound even though one proton is unbound. The weak binding suggests that the
three-body treatment is appropriate as demonstrated for a number of lighter systems
at both nucleonic driplines.

We use the three-body assumption to investigate the region around A ' 70, where
we compute reaction rates for the radiative capture of two protons [2]. One key quantity
is here the photon dissociation cross section for the inverse process where two protons
are liberated from the borromean nucleus by photon bombardment. We find a number
of peaks at low photon energy in this cross section where each peak is located at the
energy corresponding to population of a three-body resonance. Thus, for these energies
the decay or capture processes proceed through these resonances. However, the next
step in the dissociation process still has the option of following several paths, that is
either sequential decay by emission of one proton at a time with an intermediate two-
body resonance as stepping stone, or direct decay into the continuum of both protons
simultaneously. We show that the preferred decay mechanism is sequential and direct
for high and low energy, respectively.

The astrophysical reaction rate is obtained by folding of the cross section as func-
tion of energy with the occupation probability for a Maxwell-Boltzmann temperature
distribution. The reaction rate is then a function of temperature, and of course de-
pending on the underlying three-body bound state and resonance structures. We show
that a very simple formula at low temperature reproduces the elaborate numerically
computed reaction rate. The key ingredient is the dominating resonance energy and its
width, which shall be discussed in detail.

[1] H. Schatz, A. Aprahamian et al., Phys. Rev. Lett. 86, 3471 (2001).
[2] D. Hove, A. S. Jensen et al., Phys. Rev. C 93, 024601 (2016).
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Four-body treatment of inclusive breakup of Borromean nuclei

Hussein M.S. (Universidade de São Paulo, São Paulo, Brazil and Instituto Tecnológico
de Aeronáutica, São José dos Campos, Brazil)
Frederico T. Carlson B.V.

We derive an expression for the inclusive breakup cross section of Borromean nuclei
within a four-body model. The observed particle is treated as a spectator. The cross
section is found to be similar in structure to that of two-fragment projectiles[1], and
is proportional to the matrix element with a source function ρ̂x1,x2 = (χ(−)

b,DWBA|Ψ
(+)
4B ),

where b is the observed fragment, and x1 and x2 are the interacting fragments (in e.g.
6He = α + n + n, b is α and x1 and x2 correspond to the neutrons). The DWBA +
corrections version of the theory is obtained using Faddeev-Yakubovski equations rep-
resenting the four-body wave function |Ψ(+)

4B >. The Faddeev approach to the inclusive
breakup of two-fragment projectile of Ref.[2] is used as a guide. Application of the
theory to the spectrum of α’s in the 6He + 208Pb → α + (n + n + 208Pb) reaction is
presented.

[1]Austern N. et al. Phys. Rep. 154, 125 (1987)
[2]Hussein M.S., Frederico T., and Mastroleo R.C., Nucl. Phys. A, 511, 269 (1990)
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Studies of Final-State Interactions via Helicity Asymmetries in Ex-
clsuive Pseudoscalar Meson Photoproduction off Deuteron

Ilieva Y. (University of South Carolina, Columbia, South Carolina, USA)
CLAS Collaboration

Exclusive meson photoproduction off deuteron is a great tool to study final-state (FSI)
interactions between the hadrons produced in the scattering of the incident photon off
one of the target nucleons and the spectator nucleon. Final-state interactions are impor-
tant for several reasons. On one hand, FSI in the reaction γd→ K+Λn allow to access
the dynamics of Λn elastic scattering and provide a method of studying the hyperon-
nucleon interaction that is complementary to hypernuclear spectroscopy. On another
hand, as deuteron is often used as a neutron target, FSI in reactions such as γd→ ppπ−

are physics mechanisms contributing to the reaction dynamics in addition to the quasi-
free γn → π−p photoproduction off the bound neutron and their understanding is
critical for the estimate of observables off the free nucleon. High-statistics exclusive
measurements of meson photoproduction off deuteron provide information about the
3-momentum vector of the spectator nucleon. This allows not only to separate experi-
mentally FSI from quasi-free production, but also to map the evolution of observables
over the virtuality of the spectator-nucleon 3-momentum and to extract the free-nucleon
observables through an extrapolation to nucleon virtuality of zero. In this talk we will
show preliminary results for beam-helicity asymmetries for the reactions ~γd→ K+Λn,
~γd→ ppπ−, and ~γd→ pπ+π−n and their evolution over the spectator-nucleon virtual-
ity. The data were obtained with the CEBAF Large Acceptance Spectrometer located
in Hall B at Thomas Jefferson National Accelerator Facility in experiment E06-103. The
reactions were initiated by circularly polarized photon beam with energies between 0.5
GeV and 2.5 GeV incident on unpolarized deuteron target. The experiment collected
about 2×1010 events with multiple charged particles in the final state. The large statis-
tics provides statistically meaningful FSI event samples and allows to extract beam-
helicity asymmetries over a wide range of spectator-nucleon momentum, while the large
detector acceptance allows to probe various parts of the reaction phase space where
different FSI may dominate. We will present a model-independent interpretation of
our ~γd → K+Λn results in terms of Λn elastic scattering, which is important for the
study of the hyperon-nucleon interaction via FSI in hyperon photoproduction. These
results are part of a bigger program to extract a large set of polarization observables for
hyperon photoproduction in order to constrain the free parameters of hyperon-nucleon
potentials, which are critical for the understanding of hypernuclear matter and neutron
stars. We will also discuss the extraction of polarization observables for the γn→ pπ−

and γp → pπ+π− reactions (off a free nucleon) using our helicity asymmetries for the
reactions ~γd→ ppπ− and ~γd→ pπ+π−n (off a bound nucleon), respectively.
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Three-body potentials in α-particle model of light nuclei

Ishikawa S. (Hosei University, Tokyo, Japan)

The α-particle (4He nucleus) is, because of its stiffness, considered as a constitution
of many of nuclear states. The 9Be nucleus as α-α-n system and 12C nucleus as α-α-α
system are good examples of such a picture, and also have attracted researchers’ in-
terests because their reactions at low energies play important roles in nucleosynthesis
processes at some stages in stellar evolution. As three-body systems, every complica-
cies arising from nucleon structure of the α-particle are assumed to be incorporated in
their interactions: two-body potentials, Vαα and Vαn, and three-body potentials (3BPs),
Vααn and Vααα. While the two-body potentials are constructed to reproduce available
two-body observables, there is a large amount of ambiguity in 3BP’s.

In this contribution, to reduce ambiguities in Vααn and Vααα, a possible relation
between these 3BP’s is derived using a simplified folding model. I will show that there
exist some sets of Vααα and Vααn that satisfy this relation, and that reproduce the
observed properties of the first 12C 0+ resonant state (known as the Hoyle state) [1,2,3]
and the cross section peak in the 9Be + γ → α + α + n reaction at energy just above
the threshold. This makes a constraint on the 3BPs in the α-α-n and α-α-α systems to
encourage calculations of these systems.

The constraint is expected to give an insight into the nature of the three-body states.
For example, there has been a discussion on the peak of the 9Be + γ → α+ α+ n cross
section: whether it comes from an α-α-n resonant state or virtual state [4]. I will show
that the Vααn satisfying the constraint suggests that the peak has its origin from a
resonant state.

[1] Ishikawa S., Phys. Rev. C 87, 055804 (2013)
[2] Ishikawa S., Phys. Rev. C 90, 061604(R) (2015)
[3] Ishikawa S., EPJ Web of Conferences 113, 06004 (2016)
[4] Odsuren M. et al., Phys. Rev. C 92, 014322 (2015)
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Investigation of the dp breakup and dp elastic reactions at intermediate
energies at Nuclotron

Janek M. (University of Zilina, Zilina, Slovakia)
Ladygin V.P. Piyadin S.M. Batyuk P.N. Gurchin Yu.V. Isupov A.Yu. Karachuk J-T
Khrenov A.N. Kurilkin A.K. Kurilkin P.K. Livanov A.N. Martinska G. Merts S.P.
Reznikov S.G. Tarjanyiova G. Terekhin A.A. Vnukov I.E.

The main goal of the DSS project (DSS collaboration) is to investigate the spin structure
of nucleon-nucleon and three nucleon short-range correlations via the measurements of
the polarization observables in the deuteron induced reactions at intermediate energies
at Nuclotron (Dubna, Russia). In this framework, dp nonmesonic breakup and dp elas-
tic reactions are investigated using internal target station. The dp breakup data are
obtained with the detection of two outgoing protons at the angles of 19◦ – 54◦ in lab.
frame at the deuteron energies of 300 – 500 MeV. They are and presented as two dimen-
sional plots of deposited proton energies and via S curve variable for different kinematic
configurations. The data on the differential cross sections of dp elastic scattering for
the deuteron energies up to 2000 MeV are presented in angular range 70◦ – 120◦ in c.m.
The further perspectives of the investigations using polarized deuteron beam as well as
the studies of the 3He(d, p)4He reaction are discussed.
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Nuclear Structure Contributions to Lamb shift in Light Muonic Atoms

Ji C. (ECT*/INFN-TIFPA, Trento, Italy)
Nevo-Dinur N. Hernandez O.J. Bacca S. Barnea N.

The proton radius determined from recent measurements of the Lamb shift in muonic
hydrogen [1,2] disagrees significantly with that measured from electronic hydrogen spec-
troscopy and electron-proton elastic scattering. Motivated by the proton radius puzzle,
new Lamb shift measurements in other light muonic atoms have been performed at PSI.
These new measurements aim to extract the nuclear charge radii with extremely high
accuracies, crucially limited by the knowledge of nuclear structure contributions, rising
from the two-photon exchange, to the atomic spectra [3].

Our collaboration has performed ab-initio calculations of the two-photon correc-
tions to the Lamb shift in light muonic atoms. This effect is studied by evaluating
energy-dependent sum rules of the nuclear electromagnetic response functions, where
we combine the state-of-the-art nuclear Hamiltonians with the hyperspherical harmonics
expansion few-body method [4] and the Lanczos sum rule method [5].

I will present the results for muonic deuterium, 3H, 3He, and 4He [6,7,8], and com-
pare the achieved theoretical accuracies with the requirement from the Lamb shift mea-
surements. I will further discuss our future investigations to shed light on the radius
puzzle.

[1] R. Pohl et al., Nature 466, 213 (2010).
[2] A. Antognini et al., Science 339, 417 (2013).
[3] J.J. Krauth et al., Annals Phys. 366, 168 (2016).
[4] N. Barnea, W. Leidemann, G. Orlandini, Phys. Rev. C 61, 054001 (2000).
[5] N. Nevo-Dinur, N. Barnea, C. Ji, S. Bacca, Phys. Rev. C 89, 064317 (2014).
[6] C. Ji, N. Nevo-Dinur, S. Bacca, N. Barnea, Phys. Rev. Lett. 111, 143402 (2013).
[7] O.J. Hernandez, C. Ji, S. Bacca, N. Nevo-Dinur, N. Barnea, Phys. Lett. B 736,

344 (2014).
[8] N. Nevo-Dinur, C. Ji, S. Bacca, and N. Barnea, Phys. Lett. B 755, 380 (2016).
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Observation of attractive and repulsive polarons in a Bose-Einstein con-
densate

Jørgensen N.B. (Aarhus University, Aarhus, Denmark)
Wacker L. Skalmstang K.T. Parish M.P. Levinsen J. Christensen R.S. Bruun G.M.
Arlt J.J.

The problem of a mobile impurity particle immersed in a reservoir plays a fundamental
role in physics. Studying the dressing of a particle by a bosonic medium is essential in
understanding many physical systems such as technologically important semiconductors,
Λ particles in nuclear matter, and high temperature superconductors. Even elementary
particles acquire their mass by coupling to the bosonic Higgs particle. It is therefore
highly desirable to study an impurity particle in a versatile environment such as offered
by cold atomic gases. However, despite intense theoretical investigation, the canonical
scenario of a mobile impurity immersed in a Bose-Einstein condensate (BEC) has never
been realized. We use radio frequency spectroscopy of ultracold bosonic 39K atoms
to experimentally demonstrate the existence of a well-defined quasiparticle state of an
impurity interacting with a BEC [1]. We measure the energy of the impurity both for
attractive and repulsive interactions, and find excellent agreement with theories that
incorporate three-body correlations. The spectral response consists of a well-defined
quasiparticle peak at weak coupling, while for increasing interaction strength, the spec-
trum is strongly broadened and becomes dominated by the many-body continuum of
excited states. Crucially, no significant effects of three-body decay are observed. Our re-
sults open up exciting prospects for studying mobile impurities in a bosonic environment
and strongly interacting Bose systems in general.

[1] N. B. Jørgensen et al. arXiv:1604.07883

52



On the microscopic structure of πNN , πN∆ and π∆∆ vertices

Jung J.-H. (University of Graz, Graz, Austria)
Schweiger W.

We use a hybrid constituent-quark model for the microscopic description of πNN ,
πN∆ and π∆∆ vertices. In this model baryons consist not only of the 3q valence com-
ponent, but contain, in addition, a 3q+π non-valence component. In the spirit of chiral
constituent-quark models [1] pions couple directly to the quarks. In addition, an instan-
taneous confining force is assumed between the quarks. The point-form of relativistic
quantum mechanics is employed to achieve a relativistically invariant description of this
system [2]. Thereby the dynamics of both, the quarks and the pion, is fully taken into
account. The physical picture of baryons B that emerges from this kind of model is that
of a “bare” baryon B0, i.e. an eigenstate of the pure confinement potential, that gets
dressed by a pion loop. By analyzing the optical potential that is responsible for the
renormalization of baryon masses due to pion loops, we are able to extract microscopic
expressions for πB0B

′
0 vertices. The corresponding couplings and form factors follow

then from a covariant analysis of these vertices.
In our work we concentrate on the nucleon and the Delta. For scalar and isoscalar

confinement the masses and (momentum-space) wave functions of the bare nucleon
and Delta are identical due to SU(6) spin-flavor symmetry. Taking a model for the
common wave function and an appropriate value for the bare nucleon and Delta mass
we have calculated πN0N0, πN0∆0 and π∆0∆0 couplings and form factors. It is thereby
interesting to see, how non-relativistic SU(6) spin-flavor relations between the different
couplings [3] are modified by going over to a relativistic framework. As we calculate
it, these are only couplings and form factors of bare baryons. But in our simple model
these form factors coincide with those of the physical baryons and the coupling just
gets renormalized by the probability to find the bare baryon in the physical one. In
this way we are also able to make comparisons with corresponding couplings and form
factors used in models based on pure hadron dynamics or derived from lattice-QCD
calculations.

[1] Glozman L. Y. and Riska D. O., Phys. Rept. 268, 263 (1996)
[2] Biernat E. P., Klink W. H. and Schweiger W., Few Body Syst. 49, 149 (2011)
[3] Brown G. E. and Weise W., Phys. Rept. 22, 279 (1975)
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Triton binding energy of Kharkov potential

Kamada H. (Kyushu Institute of Technology, Kitakyushu, Japan)
Shebeko O. Arslanaliev A. Burdynyi D.

There are a number of high precision, one-boson-exchange two nucleon force VNN , such
as CD-Bonn, Nijmegen -I, -II, -93 and Argonne AV18 potentials. There is also EFT
potential [1-3] based on chiral effective field theory. Kharkov potential [4] is introduced
by using the Unitary Clothing Transformations (UCT) from bare particle representation
to clothed-particle representation. In the potential a large amount of virtual processes
induced with the meson absorption/emission, the NN̄ -pair annihilation/production and
other cloud effects can be accumulated.

Except for Kharkov potential they are satisfied with usual nonrelativistic Lippmann-
Schwinger (LS) equation:

t(~p, ~p′;E) = v(~p, ~p′) +
∫
v(~p, ~p′′)Gnr

0 (p′′)t( ~p′′, ~p′;E)d ~p′′.
where the nonrelativistic resolvent Gnr

0 (p) is given by Gnr
0 (p) = 1

E−p2/m+iε
, and t is

the tow-body t-matrix. In the relativistic case the relativistic resolvent is G0(p) =
1

M−2
√

p2+m2+iε
. Kharkov potential uses the LS equation with the relativistic resolvent.

In order to calculate the triton wave function we employ the Faddeev equations.
The relativistic Faddeev equations have been solved not only for bound state [5] but for
scattering state [6]. Kharkov potential need not a special identification from nonrela-
tivistic potential to relativistic potential. We have been used an identification (CPS) [7]
for usual potential.

The Lorenz boosted potential vq for Kharkov potential can be written as well [8] :

vq(p, p′) = 2
√

m2+p2+2
√

m2+p′2√
4(m2+p2)+q2+

√
4(m2+p′2)+q2

v(p, p′)

+ 1√
4(m2+p2)+q2+

√
4(m2+p′2)+q2

∫
(v(p, p′′)v(p′′, p′)− vq(p, p′′)vq(p′′, p′)) dp′′.

The triton binding energies for some potential are demonstrated in Table 1. By
using the CPS identification the relativistic binding energies (magnitude) is usually
smaller than the nonrelativistic one. In the case of Kharkov potential it is the first time
to show that the relativistic number is larger than the nonrelativistic one without any
identification.

Table 1. The theoretical prediction of the triton binding energies resulting from the
solutions of nonrelativistic (first row) and relativistic (second row) Faddeev equations.
The channel is chosen only S-wave 5ch. In the second and third columns the CD-
Bonn and AV18 potentials are applied with the identification [7], respectively. In the
fourth column the number is calculated with Kharkov potential by the nonrelativistic
approximation. In the last column the number is obtained with Kharkov potential by
full relativistic scheme. Unit is in MeV.
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CD-Bonn (CPS) AV18 (CPS) Kharkov(nonrel.) Kharkov

nonrel. 8.33 7.66 5.62 -
rel. 8.22 7.59 - 7.42

[1] Ordonez C., Ray L, van Kolck U., Phys. Rev. Lett. 72, 1982 (1994)
[2] Epelbaum E., Glöckle W., Meißner U-G., Nucl. Phys. A671, 295 (2000)
[3] Epelbaum,E., Phys. Part. Nucl. 32, 31 (2001)
[4] Dubovyk, I., Shebeko, O., Few-Body Syst. 48, 109 (2010)
[5] Kamada, H. et al.,Phys. Rev. C 66, 044010 (2002)
[6] Wita la, H. et al., Phys. Rev. C 71, 054001 (2005)
[7] Coester, F. et al., Phys. Rev. C 11, 1 (1975)
[8] Kamada, H., Glöckle, W., Phys. Lett. B655, 119 (2007)
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Universal behavior of few-boson systems using potential models

Kievsky A. (Istituto Nazionale di Fisica Nucleare, Sezione di Pisa, Pisa (Italy))
Alvarez Rodriguez R. Deltuva A. Gattobigio M.

Few-boson systems are studied close to the unitary limit using potential models
constructed to reproduce the minimal information given by the two-body scattering
length a and the two-body binding energy or virtual state energy E2. The particular
path used to reach the unitary limit is given by varying the potential strength. In this
way the energy spectrum in the three- and four-boson systems is computed. The lowest
energy states show finite-range effects absorbed in the construction of level functions
defined, for the three-boson system, as

∆̃n
3 (ξ) = s0 ln

(
En

3 + E2

En
u

)
. (1)

where s0 = 1.00624.. is a universal number, En
3 is the energy of level n and En

u is the
energy of that level at the unitary limit. The angle ξ is defined and En

3 /E2 = tan2 ξ.
For the four-boson system the corresponding level function is

∆̃n,m
4 (ξ) = s0 ln

(
En,m

4 + E2

En,m
u

)
(2)

where m indicates the deep (m = 0) or shallow (m = 1) four-body state attached to
the three-boson state n with energy En,m

4 . The energy of this level at the unitary limit
is En,m

u and the angle ξ is defined as En,m
4 /E2 = tan2 ξ.

It will be shown that this level functions, calculated for example using a gaussian
potential, can be used to describe the structure of real systems around the unitary limit
as a helium trimer or tetramer. Moreover, taking into account that higher energy levels
are free from finite-range effects, the corresponding level functions tend to the zero-
range universal function. Using this property a zero-range equation for the four-boson
system is proposed and the four-boson universal function is computed [1].

[1] R. Alvarez Rodriguez, A. Deltuva, M. Gattobigio and A. Kievsky, Physical Re-
view A, in press
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Experimental study of Three-Nucleon Dynamics in the dp breakup col-
lisions using the WASA detector

K los B. (Institute of Physics, University of Silesia, Katowice, Poland)
Ciepa l I.

An experiment to investigate the 1H(d,pp)n breakup reaction using a deuteron beam
of 340, 380 and 400 MeV and the WASA detector has been performed at the Cooler
Synchrotron COSY-Jülich. The studied energy region, below but close to the pion pro-
duction threshold, may provide information on various aspects of nuclear interactions, in
particular on relativistic effects and their interplay with the three nucleon force (3NF).
Calculations including various pieces of dynamics like 3NF [1], long-range Coulomb in-
teraction [2] or relativistic effects, predict their influence to reveal with different strength
at different parts of the breakup reaction phase space. Cross section observables are
very sensitive to all of these effects. The calculations in relativistic regime have recently
been performed for the 1H(d,pp)n breakup reaction at the beam energies of 340, 380
and 400 MeV [3], clearly demonstrating importance of relativistic description at these
energies.

The almost 4π geometry of the WASA detector gives an unique possibility to study
interplay of all the effects in a large part a space. Currently, the data analysis is
focused on the proton-proton coincidences registered in the Forward Detector with the
aim to determine the differential cross sections on dense angular grid of kinematical
configurations defined by the emission angles of the two outgoing protons: two polar
angles θ1 and θ2 (in the range between 4o and 18o) and the relative azimuthal angle
φ12. Elastically scattered deuterons are used for precise determination of the luminosity.
The main steps of the analysis, including energy calibration, PID and efficiency studies,
and their impact on the final accuracy of the result, will be discussed.

[1] Glöckle W., Wita la H., Hbüer D., Kamada H., Golak J., Phys. Rep. 274, 107
(1996)

[2] Deltuva A. et al., Phys. Rev. C 72, 054004 (2005)
[3] Wita la H., private communication.
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Asymmetric trimers within Faddeev approach

Kolganova E.A. (Joint Institute for Nuclear Reserach, Dubna, Russia)

The van der Waals molecules at ultralow energies are of a great interest in both exper-
iment and theory. These systems are weakly bound and may be of Efimov nature [1].
The best known example of this phenomenon is the helium trimer where there are two
bound states and an excited state of Efimov nature was theoretically predicted (see
review [2]). Most recently this has been brilliantly confirmed experimentally [3]. Here
we carry out calculations on the van der Waals trimers 7Li4He2 and 6Li4He2 using the
differential Faddeev equations, which allows us to give accurate binding energies for
both the ground and the exited state of the system. The results obtained indicate on
the Efimov character of the excited state in both systems.

[1] Efimov V., Phys. Lett. B 33, 563 (1970)
[2] Kolganova E.A., Motovilov A.K., Sandhas W., Few-Body Syst. 51, 249 (2011)
[3] Kunitski M. et al., Science 348, 551 (2015)
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Determination of energies of NN-singlet quasibound states
in d+2H→n+n+p+p reaction

Konobeevski E.S. (Institute for Nuclear Research, Moscow, Russia)
Kasparov A.A. Lebedev V.M. Mordovskoy M.V. Spassky A.V. Zuyev S.V.

An experimental setup for determining energies of NN-singlet quasibound states in
d +2H → n + n + p + p reaction is described. The above reaction is unique as it can
proceed through the formation of different singlet two-nucleon systems in its interme-
diate stage: d +2H → (nn)s + (pp)s → n + n + p + p, or d +2H → (np)s + (np)s

→ n + p + n + p. We proposed to determine the energies of the quasi-bound states
of two-nucleon systems (nn, pp and np) in the unified experimental conditions. The
experimental setup allows one to simultaneously detect two nucleons (n + n, p + p or n
+ p) from the breakup of a quasi-bound states, and the third additional particle (n or
p). A kinematical simulation of the reactions performed showed that the analysis of the
shape of the energy spectrum of breakup particle, detected at a certain angle, provides
information about the energy of quasi-bound state. The preliminary data on energies
of singlet states obtained in d +2H → n + n + p + p reaction are presented.

59



Entanglement of Harmonically Trapped Dipolar Particles: harmonic
approximation

Koscik P. (Institute of Physics, Jan Kochanowski University,Kielce, Poland)

The study of many-body properties of various fabricated particle systems is presently
the one of the most active areas of theoretical physics. In addition to ultracold atomic
gases with short range interactions, systems with particles interacting through the long-
range interaction potentials 1/rd have been attracted considerable attention, which is
due to the new experimental techniques that have opened up perspectives for achieving
the van der Waals and dipolar interactions in polar molecule experiments. Particularly
the research activity has expanded towards investigating the entanglement properties
in various systems composed of N interacting particles, as entangled systems play an
important role in many different research areas such as quantum information technology.

We study systems of identical dipolar particles (d=3) confined in quasi one-dimen-
sional harmonic traps. Numerical results for the dependencies of the entanglement on
the control parameters of the systems are provided and discussed in detail. In the limit
of a strong interaction between the particles, we derive, within the framework of the
harmonic approximation, the diagonal form of the asymptotic ground-state one-particle
reduced density matrix, and investigate the nature of the degeneracy appearing in its
spectrum. Most importantly, we show that the ground-state asymptotic occupancies,
their natural orbitals, and the corresponding von Neumann entanglement entropy can
be derived in closed analytic forms [1,2]. In particular, we provide the results for the
dependence of the asymptotic von Neumann entanglement entropy on N. Furthermore,
in order to gain some insight into the effect of d, the main entanglement features ex-
hibited by the present systems are compared with those exhibited by the corresponding
systems with charged particles.

[1] P. Koscik, Few-Body Syst. 56, 107 (2015)
[2] P. Koscik, Phys. Lett. A 379, 293 (2015)
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Systematic Study of Three-Nucleon System Dynamics in Deuteron-
Proton Breakup Reaction

Kozela A (Institute of Nuclear Physics PAN, Kraków, Poland)
Ciepa l I Liptak A Kalantar-Nayestanaki N Kistryn St K los B Kuboś A Kulessa P
Meschendorp J Parol W Skwira-Chalot I Stephan E Szpik K W loch B Rusnok A Ze-
jma J

The dynamics of three-nucleon systems is investigated quantitatively by comparing
results of precise measurements with rigorous calculations. Observables for the d-p
breakup reaction can be calculated on the basis of modern realistic nucleon-nucleon
(NN) potentials, combined with models of three-nucleon (3N)force, within the coupled-
channel framework by explicit treatment of the -isobar excitation or by the Chiral
Perturbation Theory with all relevant NN and 3N contributions taken into account.
Beside leading NN interactions and three nucleon force, mentioned above calculations
may include different pieces of nucleon-nucleon dynamics, like the long-range Coulomb
interaction or relativistic effects, which reveal their influence at different parts of the
phase space. Differential cross section for elastic pd scattering and breakup reaction is
very sensitive to all these effects. The precise experimental data of the breakup reaction
obtained in wide phase space region at different incident beam energies are crucial for
systematic studies of different parts of few-nucleon system dynamics and for verification
of theoretical calculations which currently are being developed.

Experiments devoted to study such subtle ingredients of nuclear dynamics were car-
ried out at KVI Groningen and FZ-Julich with the use of the p(d,pp)n breakup reaction
at few different energies. As a continuation of these studies, with the use of proton beam
and deuteron target, the first measurements at the new Cyclotron Center Bronowice
(Krakw), at three proton energies (108, 135, 160 MeV), will be performed in may this
year. The combination of large phase space coverage of the BINA detector system and
wide range of accessible beam energies provides an unique possibility to study various
aspects of the dynamics in three nucleon system, at regions of their maximum visibility.
Preliminary analysis and the prospects for the future measurements will be presented.
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Topological phase and half-integer orbital angular momenta in circular
quantum dots.

Kuleshov V.M. (NRNU MEPhI, Moscow, Russia)
Mur V.D. Narozhny N.B. Lozovik Yu.E.

We show that there exists a non-trivial topological phase in circular two-dimensional
quantum dots with an odd number of electrons. The possible non-zero value of this
phase is explained by axial symmetry of two-dimensional quantum systems. The par-
ticular value of this phase (π) is fixed by T-invariance and the Pauli exclusion principle
and leads to half-integer values of the angular orbital momentum for ground states of
such systems. This conclusion agrees with the experimental data for ground-state en-
ergies of few-electron circular quantum dots in perpendicular magnetic field [1]. Hence,
these data may be considered as the first experimental evidence for the existence of
topological phase leading to half-integer quantization of the orbital angular momentum
in circular quantum dots with an odd number of electrons.

[1] Schmidt T. et al., Phys. Rev. B 51, 5570 (1995)
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Observation of the Efimov state of the helium trimer

Kunitski M. (Institut fr Kernphysik, Goethe-Universitt Frankfurt am Main, Max-von-
Laue-Str. 1, 60438 Frankfurt/M, Germany)
Zeller S. Voigtsberger J. Kalinin A. Schmidt L.Ph.H. Schöffler M. Czasch A. Schöll-
kopf W. Grisenti R.E. Jahnke T. Blume D. Dörner R.

In 1970 Vitali Efimov predicted remarkable counterintuitive behavior of a three-body
system made up of identical bosons. Namely, a weakening of pair interaction in such
a system brings about in the limit appearance of infinite number of bound states of a
huge spatial extent [1]. The helium trimer has been predicted to be a molecular system
having an excited state of this Efimov character under natural conditions without ar-
tificial tuning of the attraction between particles by an external field. Here we report
experimental observation of the Efimov state of 4He3 by means of Coulomb explosion
imaging of mass-selected clusters [2]. Structures of the excited Efimov state of the 4He3

(Figure 1A) are about eight times larger than those of the ground state (Figure 1B),
which is in accordance with theory. Whereas the ground state corresponds to an almost
randomly distributed cloud of particles [3], the excited Efimov state is dominated by
configurations in which two atoms are close to each other and the third one farther
away.

Figure 1. Structures of the helium trimer: A – excited state, experimental, B –
ground state, theoretical. Three helium atoms of each trimer are plotted in the principal
axis frame abc.

[1] Efimov V., Phys. Lett. B 33, 563-564 (1970)
[2] Kunitski M. et al., Science 348, 551-555 (2015)
[3] Voigtsberger J. et al., Nat. Comm. 5, 5765:1-6 (2014)
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Doubly excited resonance states of helium atom: complex entropies

Kuroś A. (Jan Kochanowski University, Kielce, Poland)
Kościk P. Saha J.K.

In last few years there has been a remarkable increase of interest in the quantum corre-
lation of few-body systems because of the development of new experimental techniques
that have opened up perspectives for their applications in quantum information technol-
ogy. In particular, there has been a growing interest of two particle systems like helium
atom and helium-like ions [1-4]. However, studies on the correlation in resonance states
have not yet drawn much attention. Pont F.M. et. al. [5] suggested to associate the
amount of quantum correlation in a resonance state with a real part of a linear entropy
computed from complex-valued eigenvalues of a reduced density matrix determined in
the framework of the complex-coordinate rotation method [6]. Within the framework
of this approach, the properties of two-electron one-dimensional quantum dots near the
autoionization thresholds have recently been investigated in [7].

Here, we explore correlations in doubly excited states of helium atom, 2s2 1Se and
2p2 1Se. To this end, we first provide a diagonal form of a complex reduced density
matrix of S-symmetry resonance states of two electron systems determined under the
framework of the complex scaling method. We employ in our calculations the varia-
tional Hylleraas type basis function. With the use of the eigenvalues of the complex
reduced density matrix, we determine the complex linear and von Neumann entropies
and compare the results obtained with the entropies determined under the framework
of the stabilization method in [8]. The results for the real parts of the complex en-
tropies are in a very good agreement with those determined under the framework of
the stabilization method. Our approach can be an alternative to the one based on the
stabilization method when determining the real parts of the linear and von Neumann
entropies of S-symmetry resonance states.

[1] Dehesa J., et al., J. Phys. B: At. Mol. Opt. Phys. 45, 015504 (2012)
[2] Kościk P., Okopińska A., Few-Body Syst. 55, 1151 (2014)
[3] López-Rosa S., et al., J. Phys. B: At. Mol. Opt. Phys. 48, 175002 (2015)
[4] Esquivel R.O., López-Rosa S., Dehesa J.S., EPL 111, (2015) 40009
[5] Pont F.M., Osenda O., Toloza J.H., Serra P., Phys. Rev. A 81, 042518 (2010)
[6] Moiseyev N., Non-Hermitian Quantum Mechanics. Cambridge University Press,

Cambridge (2011)
[7] Kuroś A., Okopińska A., Few-Body Syst. 56, 853 (2015)
[8] Lin C.H. and Ho Y.K., Few-Body Syst. 56, 157 (2015)
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Structure of bound and resonance states of 10Be in a microscopic three-
cluster model

Lashko Yu.A. (Bogolyubov Institute for Theoretical Physics, Kiev, Ukraine)
Filippov G.F. Vasilevsky V.S.

We study elastic and inelastic α+6He scattering and spectrum of bound and resonance
states in 10Be. This investigation is carried out within a three-cluster microscopic model
which was formulated in [1]. In this model nucleus 10Be is represented as a three-cluster
system α+α+2n. We treat the 10Be as a many-channel system which involves two cou-
pled binary cluster configurations: α+6He and 8Be+2n. 6He= α+2n and 8Be= α + α
are considered to be weakly bound two-cluster subsystems, which can change their size
on approaching the third cluster (alpha particle or dineutron). We shall use the term
”cluster polarization” to mean such change of size of a two-cluster subsystem.

We demonstrated that the cluster polarization has a substantial impact on the energy
of bound states and energy and width of resonance states as well. The inclusion of two
unpolarized coupled cluster configurations was shown to have approximately the same
impact on the spectrum of the 10Be nucleus as allowing for cluster polarization within
an isolated cluster configuration.

Aimed at finding how the shape of nucleon-nucleon potential affects spectrum of
bound and resonance states, we involved three effective semi-realistic potentials in our
calculations. The Majorana parameter of the Volkov and modified Hasegawa-Nagata
potentials and the exchange parameter u of the Minnesota potential were adjusted to
reproduce the 0+ ground state of 10Be with respect to the α+6He threshold. However,
the spectrum of bound and resonance states of 10Be was found to be strongly dependent
on the shape of nucleon-nucleon forces.

[1] Vasilevsky V.S., Arickx F., Broeckhove J., Kovalenko T.P., Nucl. Phys. A 824,
37 (2009).
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Calculation of the S-factor S12 with the Lorentz integral transform
method

Leidemann W. (University of Trento, Trento, Italy)
Deflorian S. Efros V.D.

Nuclear reactions in stars of the type X1 + X2 → X3 + γ with charged baryons Xi

lead to tiny cross sections due to the presence of the Coulomb barrier. A test of the
Lorentz integral transform (LIT) method [1,2] for such a reaction is presented, namely
for the astrophysical S-factor of the reaction d + p →3He+γ. As NN interaction the
MTI/III potential is used. In addition to the LIT method results are also obtained for
a conventional calculation with explicit continuum wave functions for the (d+ p)-state
via an application of the Kohn variational principle.

The LIT equation is solved using expansions on two different basis sets (hyperspher-
ical harmonics (HH) basis as well as a basis with explicit use of both Jacobi coordinates
(Jacobi basis)). It is shown that the Jacobi basis is much better suited, since different
from the HH basis it leads to a high density of so-called LIT states in the energy region
between the two-body and the three-body breakup threshold. Therefore the inversion of
the LIT in the energy region of astrophysical interest can be made with a high precision
allowing one even to give an error estimate of the obtained result. It is shown that
the result and the error estimate can be systematically improved by an increase of the
number of basis states of the Jacobi basis.

[1] Efros V.D., Leidemann W., Orlandini G., Phys. Lett. B 338, 130 (1994)
[2] Efros V.D., Leidemann W., Orlandini G., and Barnea N., J. Phys. G 34, R459

(2007)
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Analysis of thermodynamic properties of BEC condensates using few-
body methods

Lekala ML (Department of Physics, University of South Africa, South Africa)

Traditional few-body methods such as Fadeev and Faddeev-Yakubovsky approches,
which are rigorous, work well as long as the number of particles is small. Thus for
systems of large number of particles such as BEC condensates, these methods are not
applicable. However, the study of BEC condensates, e.g. trapped ultracold dilute gases
at large scattering length near a Feshbach resonance, are of importance. Recently we
developed a method that uses a combination of correlated potential harmonics expan-
sion and few-body method to study ground state properties BEC condensates near the
Feshbach reseonance [1, 2, 3]. The method is realised by transforming the Jacobi poly-
nomials into the associated Laguarre polynomials and has good convergence properties
and compares well with other traditional and competing methods such as the mean-
field approximation. In this work we extend the method to enable the calculation of the
thermodynamic properties of the BEC systems. This requires the inclusion of higher
angular momenta in the formalism. Preliminary calculations indicates the method is
stable. We consider BEC condensates with up to 107 particles.

[1] Sofianos SA, Das TK, Chakrabarti B, Lekala ML, Adam RM, Rampho GJ. Few-
Body Sys. 54, 1529 - 1532 (2013).

[2] Sofianos SA, Das TK, Chakrabarti B, Lekala ML, Adam RM, Rampho GJ. Phys.
Rev. A 87, 013608 (2013).

[3] Lekala ML, Chakrabarti B, Rampho GJ, Das TK, Sofianos SA, Adam RM. Phys.
Rev A 89, 023624 (2014).
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Spin-motional coupling in assembled quantum gases

Lester B.J. (JILA, NIST and University of Colorado at Boulder)
Brown M.O. Lin Y. Kaufman A.M. Ball R. Wall M.L. Isaev L. Foss-Feig M. Rey A.M.
Regal C.A.

The use of optical tweezers to trap and control single neutral atoms has become a
promising method to assemble and study out-of-equilibrium quantum many-body sys-
tems. In such systems, the quantum statistics of the particles dramatically affect the
particle dynamics and lead to coupling between the spin and motional degrees of free-
dom. For example, we have observed the dynamical generation of spin-entanglement
between two 87Rb atoms via the spin-exchange interaction and have verified that this
entanglement is maintained after the spatial separation of the atoms. In this talk, I will
discuss our use of the optical tweezer platform to prepare arrays of indistinguishable
atoms, imprint a desired initial spin configuration, and then place the atoms in the
same optical potential. Additionally, I will discuss our ongoing work to extend these
capabilities to study a larger number of atoms, where the spin-motional coupling can
lead to interesting and complex dynamics.
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Few-body correlations in the spectral response of impurities coupled to
a Bose-Einstein condensate

Levinsen J. (School of Physics and Astronomy, Monash University, Melbourne, Aus-
tralia)
Parish M.M. Jørgensen N. B. Wacker L. Skalmstang K. T. Christensen R. S. Bru-
un G. M. Arlt. J.J.

The behaviour of a mobile impurity particle interacting with a quantum-mechanical
medium is of fundamental importance in physics. Ultracold atomic gases have greatly
improved our understanding of the impurity problem owing to the high degree of con-
trol over experimental parameters such as interactions and atom population. I will
discuss recent theoretical [1] and experimental [2] progress in exploring the properties
of impurities interacting with a Bose-Einstein condensate. Here, a new experiment
has demonstrated the existence of a well-defined quasiparticle state and a many-body
continuum of excited states (Fig. 1), with no significant effects of three-body losses
observed. The spectral response of the impurities to a radiofrequency pulse is accu-
rately captured within a theory that includes three-body correlations systematically.
The theory can capture Efimov physics in a many-body environment, which is likely
to be observed in the next generation of experiments. Our results thus open up new
windows on the study of strongly interacting Bose systems.

[1] J. Levinsen, M. M. Parish, G. M. Bruun, Impurity in a Bose-Einstein condensate
and the Efimov effect, Phys. Rev. Lett. 115, 125302 (2015)

[2] N. B. Jørgensen, L. Wacker, K. T. Skalmstang, M. M. Parish, J. Levinsen, R.
S. Christensen, G. M. Bruun, and J. J. Arlt, Observation of attractive and repulsive
polarons in a Bose-Einstein condensate, arXiv:1604.07883, to appear in Phys. Rev. Lett.
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The nucleon-nucleon interaction up to sixth order in the chiral expan-
sion

Machleidt R. (University of Idaho, Moscow, Idaho, USA)

We have calculated the nucleon-nucleon interaction up to sixth order (N5LO) of chiral
perturbation theory [1,2]. Previous calculations [3] extended only up to N3LO (fourth
order) and typically showed a surplus of attraction, particularly, when the πN LECs
from πN analysis were applied consistently. Furthermore, the contributions at N2LO
and N3LO are both fairly sizeable, thus, raising concerns about the convergence of
the chiral expansion. We show that the N4LO contribution is repulsive and, essen-
tially, cancels the excessive attraction of N3LO. The N5LO contribution turns out to
be considerably smaller than the N4LO one, hence establishing the desired trend of
convergence. The predictions at N5LO are in excellent agreement with the empirical
phase shifts of peripheral partial waves.

[1] Entem D.R., Kaiser N., Machleidt R., and Nosyk Y., Phys. Rev. C 91, 014002
(2015)

[2] Entem D.R., Kaiser N., Machleidt R., and Nosyk Y., Phys. Rev. C 92, 064001
(2015)

[3] Machleidt R. and Entem D.R., Phys. Reports 503, 1 (2011)
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Recent progresses in ab-initio studies of low-energy few-nucleon reac-
tions of astrophysical interest

Marcucci L.E. (University of Pisa and INFN-Pisa)

In this talk, I will review the state-of-the-art for the theoretical studies of nuclear reac-
tions of astrophysical interest involving few-nucleon systems, and I will consider both
the ”standard” phenomenological approach and the most recent chiral effective field
theory framework. In particular, I will focus on the radiative capture of protons by
deuterons in the energy range of interest for Big Bang Nucleosynthesis [1], and on some
weak processes, as triton β-decay [2] and the proton-proton weak capture reaction [3].
At the end, an outlook for future work will be given.

[1] Marcucci L.E., Mangano G., Kievsky A., Viviani M., Phys. Rev. Lett. 116,
102501 (2016)

[2] Baroni A., Girlanda L., Kievsky A., Marcucci L.E., Schiavilla R., Viviani M.,
arXiv:1605.01620

[3] Tognelli E., Degl’Innocenti S., Marcucci L.E., Prada Moroni P.G., Phys. Lett.
B742, 189 (2015)
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Eigenvectors of few-body scattering matrices at resonance energy val-
ues

Motovilov A.K. (Bogoliubov Laboratory of Theoretical Physics, JINR, Dubna, Russia)
Kolganova E.A.

First, we discuss the explicit representations [1] for the T - and scattering matrices
analytically continued on unphysical energy sheets in a multichannel problem involving
only two-body channels. Then we analyze the analogous (but much more complex)
explicit representations [2,3] for the analytically continued T - and S-matrices in the
three-body problem unphysical sheets. In both the binary multichannel and three-body
cases the representations [1,2] for the T - and S-matrices on unphysical energy sheets
are explicitly written in terms of just the same matrices but taken only on the physical
sheet. The representations imply that a resonance on an unphysical energy sheet is
the (complex) energy value where the appropriately truncated scattering matrix on the
physical sheet has eigenvalue zero. We conjecture that that the channel components
of the eigenvector of the truncated scattering matrix belonging to its zero eigenvalue
make sense of breakup amplitudes for the corresponding resonance state. In the case of
a multi-channel problem with purely binary channels this statement has been proven in
[1]. Now we extend this result to the truncated three-body scattering matrices respon-
sible for resonances on the two-cluster three-body unphysical sheets.

[1] Motovilov A.K., Phys. Atom. Nucl. 77, 453 (2014)
[2] Motovilov A.K., Math. Nachr. 187, 147 (1997)
[3] Kolganova E.A. and Motovilov A.K., Few-Body Syst. Suppl. 10, 75 (1999)
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Few-body universality: from Efimov effect to super Efimov effect

Nishida Y. (Tokyo Institute of Technology, Tokyo, Japan)

Physics is said to be universal when it emerges regardless of microscopic details. The
most remarkable example is the Efimov effect, which predicts the emergence of an infi-
nite tower of three-boson bound states in three dimensions with binding energies obeying
the universal exponential scaling. In this talk, I will discuss our recent proposal for its
condensed matter realization, namely, the Efimov effect in quantum magnets [1]. Also,
I will discuss our recent discovery of new few-body universality, the super Efimov effect,
which predicts the emergence of an infinite tower of three-fermion bound states in two
dimensions with binding energies obeying the universal doubly exponential scaling [2,3].

[1] Nishida Y., Kato Y. and Batista C.D., Nature Physics 9, 93-97 (2013)
[2] Nishida Y., Moroz S. and Son D.T., Phys. Rev. Lett. 110, 235301 (2013)
[3] Moroz S. and Nishida Y., Phys. Rev. A 90, 063631 (2014)
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Integral transform methods: a critical review of kernels for different
kinds of observables

Orlandini G. (University of Trento, Italy)

The Lorentz Integral transform (LIT) method has proved a very productive approach to
calculate observables that require in principle the knowledge of many-body scattering
states. In the LIT case the kernel is a Lorentzian function and one of its advantages
consists in the possibility to use bound state methods to calculate the transform, avoid-
ing the continuum problem. In this contribution I will critically review the use of other
kernels (even wavelets), emphasizing the criteria for their applicability to different kinds
of observables.
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A Coulomb-like off-shell T-matrix with the correct Coulomb phase shift

Oryu S. (Tokyo University of Science)
Watanabe T. Hiratsuka Y.

By means of the two-potential theory, a Coulomb-like off-shell t-matrix is obtained by a
screened Coulomb potential with a distorted wave Green’s function and a Moller wave
operator where the distortion is given by an auxiliary Coulomb potential which is the
difference between the Coulomb and a screened Coulomb potentials. These potential are
defined by a universal range: R ≡ kR and the Sommerfeld parameter: η(k) = ZZ ′ [1,2].
The universal range appears only on several discrete range-bands, if we require the zero
phase shift for the auxiliary potential. By the range-bands, a Coulomb-like off-shell
t-matrix is well defined as well as the Coulomb phase shift. Furthermore, the Coulomb
phase shifts of full partial waves for the systems from the e−−e− to the heavy ions such
as 208Pb-208Pb are automatically reproduced by using the above mentioned range-bands.

[1] S. Oryu, Y. Hiratsuka, S. Nishinohara, S. Chiba, J. Phys. G: Nucl. Part. Phys.
39 045101 (2012), ibid, Phys. Rev. C75, 021001 (2007).

[2] S. Oryu, Phys. Rev. C73, 054001 (2006), ibid, C76, 069901 (2007).
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Electroweak structure of light nuclei

Pastore S. (Los Alamos National Laboratory, Los Alamos, NM 87545, USA)

In this talk, I will review recent progress in microscopic calculations of electroweak
properties of light nuclei, including electromagnetic moments, form factors and transi-
tions in between low-lying nuclear states along with preliminary results for single- and
double-beta decay rates. These calculations are based on nuclear Hamiltonians that
include two- and three-nucleon realistic potentials, and one- and two-body nuclear elec-
troweak currents. I will show that this framework successfully explains the body of
available experimental data provided that many-body contributions in both the nuclear
Hamiltonians and currents are accounted for.
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Spatial separation and its transition in a one-dimensional system of a
few fermions

Pecak D. (Institute of Physics of the Polish Academy of Sciences, Warsaw, Poland)
Sowiński T.

Properties of the ground-state of a two-component mixture of a few fermions with
different mass is studied within an exact diagonalization approach. It is shown that
depending on a shape of an external confinement different spatial separations between
components, manifested by specific shapes of density profiles, can be obtained in the
strong interaction limit. We find that the system studied undergoes a particular transi-
tion between orderings when the confinement is changed adiabatically from the uniform
box to the harmonic oscillator shape. We study properties of this transition in the
framework of the finite-size scaling method adopted to a few-body systems. Our find-
ings generalize previous results on the separation induced by the mass difference between
components [1].

[1] Pecak D., Gajda M. and Sowiński T., New J. Phys. 18, 013030 (2016)
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Measurement of polarization transfered to a proton bound in nuclei

Piasetzky E. (School of Physics and Astronomy, Tel Aviv University)
A1 Collaboration

Possible differences between free and bound protons may be observed in the ratio of
polarization-transfer components. We report the measurement of this ratio on deuteron
at low and high missing momenta. Observed increasing deviation of the measured ratio
from that of a free protonas a function of the virtuality, similar to that observed in 4
He, indicates that the effect in nuclei is due to the virtuality of the knock-out proton
and not due to the average nuclear density. The measured differences from calculations
assuming free-proton form factors (about 10%), may indicate in-medium modifications.
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NN and Nd scattering with intermediate dibaryons

Platonova M.N. (Lomonosov Moscow State University, Moscow, Russia)
Kukulin V.I.

Recent experimental progress has led to discovery of multiquark states searched for
50 years since the beginning of QCD. In particular, the first reliable confirmation of
existence of six-quark (dibaryon) resonances has been found recently at COSY facility
(Juelich) [1]. Since the dibaryon resonances are intimately related to the short-range
NN interaction and the cross sections of dibaryon production are typically very small,
they should be manifested in processes with high momentum transfers, such as meson
production in NN and Nd collisions or elastic Nd scattering at large angles. Just for
such processes there exist discrepancies between the experimental data and conventional
theoretical models for NN and 3N interaction which do not include dibaryon degrees
of freedom. In view of all above, study of dibaryon resonances in hadronic and nuclear
processes with high momentum transfers becomes of particular importance.

New experimental and theoretical evidences of dibaryon resonances in NN system
are presented in the talk. Excitation of intermediate dibaryons in the processes of one-
and two-pion production in NN collisions is considered [2]. In particular, relative con-
tributions of an intermediate ∆ isobar and isovector dibaryons in the reaction pp→ dπ+

are investigated. Inclusion of dibaryon resonances is shown to considerably improve the
description of experimental data for this reaction, provided the consistent parameter-
ization of the πN∆ vertex in πN and NN scattering is used. Manifestation of the
intermediate isoscalar and isovector dibaryon resonances in the two-pion production
processes such as pn → dπ0π0 and pn → dπ+π− is also studied. The interpretation
of the near-threshold enhancement (the so-called ABC-effect) for the above two-pion
production reactions in terms of the sigma-dressed isoscalar dibaryon is given. Conse-
quences of intermediate dibaryons production in NN system for Nd elastic and inelastic
scattering are also discussed.

[1] Adlarson P. et al. (WASA-at-COSY Collaboration), Phys. Rev. Lett. 106,
242302 (2011); 112, 202301 (2014)

[2] Platonova M.N. and Kukulin V.I., Nucl. Phys. A946, 117 (2016)
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Effective field theory for Halo Nuclei

Platter L. (University of Tennessee, Knoxville, U.S.A. and Physics Division, Oak Ridge
National Laboratory, Oak Ridge, TN , USA)

Halo nuclei are weakly bound nuclei whose degrees of freedom are a tightly bound
core and a small number of valence nucleons. These systems are of experimental in-
terest since they are important in reactions relevant to nuclear astrophysics but also
since they frequently occur close to the neutron dripline. I will discuss the application
of effective field theory to these weakly bound nuclei and provide a number of examples
where this approach leads to predictions for important observables.
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Flavor Analysis of Nucleon, Delta, and Hyperon Electromagnetic Form
Factors

Plessas W. (University of Graz, Graz, Austria)
Rohrmoser M. Choi K.-S.

We report on a study of the flavor contents in electromagnetic form factors of baryons
along a relativistic constituent-quark model. It considers baryons as three-quark sys-
tems with flavors u, d, and s and relies on an invariant mass operator composed of
a linear confinement (with a strength corresponding to the string tension of quantum
chromodynamics) and a hyperfine interaction (derived from Goldstone-boson exchange
among constituent quarks) [1]. Covariant predictions for baryon electric and magnetic
form factors are generated in the point-form of relativistic dynamics. The theory guar-
antees for strict Poincaré invariance and fulfills electromagnetic current conservation.

In case of the nucleons the detailed flavor contributions to the elastic electromagnetic
form factors of both the proton and the neutron are reproduced in accordance with
phenomenological data [2-4] for momentum transfers up toQ2 = 3–4 GeV2. In this range
of momentum transfers no additional degrees of freedom beyond {QQQ} configurations
of flavors u and d are advocated and there is also no indication for quark-diquark
clustering. Only, for the particular ratio of d to u flavor contributions of the Pauli form
factor F d

2 /F
u
2 we observe a certain inconsistency among the different phenomenological

analyses [2-4].
For the ∆ and the hyperons we have only some global experimental data for electric

radii and magnetic moments. They are reasonably described by our quark model.
Regarding the flavor contents of the electromagnetic form factors of these baryons we
can only compare our results with predictions from lattice quantum chromodynamics.
Wherever a comparison is possible, we find similar Q2 dependences but sometimes
different absolute magnitudes.

[1] Glozman L. Y. et al., Phys. Rev. D 58, 094030 (1998)
[2] Cates G. D. et al., Phys. Rev. Lett. 106, 252003 (2011)
[3] Qattan I. A. and Arrington J., Phys. Rev. C 86, 065210 (2012)
[4] Diehl M. and Kroll P., Eur. Phys. J. C 73, 2397 (2013)
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Measurement of tensor asymmetry T20 in coherent π0 photoproduction
on deuteron

Rachek I.A. (Budker Institute of Nuclear Physics, Novosibirsk, Russia)
Dmitriev V.F. Gramolin A.V. Lazarenko B.A. Mishnev S.I. Nikolenko D.M. Sadykov R.Sh.
Shestakov Yu.V. Toporkov D.K. Zevakov S.A. Dusaev R.R. Gauzshteyn V.V. Sti-
bunov V.N.

The deuteron, being the simplest two-body nuclear system, attracts a special attention
of experimentalists and theorists for many years. Especially interesting, but experimen-
tally challenging, are measurements of polarization observables, which provide an access
to small but important reaction amplitudes.

Coherent pion photoproduction on the deuteron γ+ d→ π0 + d has been studied as
a source of information on π0 photoproduction off the neutron, on π0 interaction with
the deuteron and on structure of few-body nuclear systems. On the theoretical side
the models using the three-body approach to describe the pion-deuteron interaction
mechanisms (Faddeev theory, coupled πNN − NN channels) have achieved serious
progress in recent years. On the experimental side a set of measurements of differential
cross section for pion photoproduction reactions on deuteron become available in last
decades, while the data on polarization observables are still limited.

Here we report on a recently completed measurement of the tensor asymmetry T20
in coherent photoproduction of π0-meson on deuteron. The measurement was done at
the VEPP–3 electron storage ring using an internal polarized deuterium gas target. The
recoil deuteron and photons from the decay of π0 were detected in coincidence. The
degree of tensor polarization was measured to be Pzz = 38% and during the experi-
ment the sign of target polarization was reversed every 30 seconds, allowing a strong
suppression of false asymmetries.

The new data provide a considerable improvement in the accuracy of measurement of
tensor asymmetry in this process compared to the only measurement that was reported
earlier [1].

The experimental approach and data analysis procedure will be described. Prelimi-
nary results on the tensor asymmetry T20 for a photon energy range 250-600 MeV and
for CM pion angle range 90o-140o will be presented.

[1] Nikolenko D.M. et al., JETP Letters 89 (2009) 432
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Revival of the Phase-Amplitude Description of a Quantum-mechanical
Wave Function

Rawitscher G. (University of Connecticut)

The Phase-Amplitude (Ph-A) description consists in writing the wave function as ψ(r) =
y(r) sin (Φ(r)), where y is the amplitude and Φ the phase. Both functions vary slowly
with the distance r, and hence should be easier to calculate than the highly oscillatory
function ψ(r). In 1930 W. E. Milne established a second order differential equation for
y(r), which being non-linear, is cumbersonme to solve with the conventional finite dif-
ference methods. In 1962 M. J. Seaton and G. Peach demonstrated an iterative solution
of Milne’s equation, and in 2015 and 2016 the present author improved the iterative
method by making use of a modern spectral expansion procedure of y(r) in terms of
Chebyshev polynomials [1]. The method is very economical and fast, but one big draw-
back is that the iterations do not converge in the vicinity of the turning points. This
situation may be remedied as follows.

By defining w(r) = y2(r), one finds that w obeys a linear third order differential equa-
tion. For the case of a point Coulomb potential it could be shown by analytical means
[2] that the solution of this equation is equivalent to the conventional Coulomb wave
function expressed in terms of confluent hypegeometrical functions. By further defining
u(r) = dw/dr, one arrives at a new differential-integral equation

d2u/dr2 + 4(k2 − V )u = (dV/dr)
(∫ r

0
u(r′)dr′ + u0

)
where k2 is the energy and V (r) the potential in the Schrödinger equation. Here u0 is
the value of u at r = 0, chosen such that y(0) has a prescribed value, and asymptotically
y(r →∞) = 1.

It is the purpose of this abstract to describe a method to solve this equation nu-
merically, again using the spectral decomposition of u(r). That method, if shown to
be sufficiently general, does represent an important advance for the Ph-A description
for repulsive or attractive potentials, in that it can be applied in the region including
turning points.

[1] G. Rawitscher, Comp. Phys. Comm, 191 (2015) 33 and 203 (2016) 138.
[2] Shuji Kiyokawa , AIP ADVANCES 5, 087150 (2015).
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Beta-decay spectroscopy on 12C

Refsgaard J. (Aarhus University, Aarhus, Denmark)
Fynbo H.O.U. Diget C.Aa. Alonso I.M. Garg R. Howard A. Illiana A. Kirsebom O.S.
Lund M.V. Riley J.E. Sinclair L. IGISOL Collaboration

In the 12C-nucleus there exist broad, resonant structures 2-4MeV above the triple
alpha threshold. These resonances are not well characterised in terms of their spin
and breakup-channels, even though they have been subject to theoretical interest for
many years. This interest is partly caused by the possibility that some of the resonant
strength is the rotational excitation of the cluster-like Hoyle-state. Furthermore, clus-
terised structures at 2-4MeV above the triple alpha threshold are expected to contribute
significantly to the production of 12C in hot, stellar environments like supernovae [1,2].

Some experimental progress has been seen recently, but the results from beta-decay
spectroscopy, p- and α-scattering and (γ,3α)-experiments do not agree, neither on the
positions nor the widths of the resonances [3-5].

We have performed a measurement of the beta-delayed triple-alpha breakup of 12N
at the IGISOL facility in Jyvskyl. Complete kinematic information allows us to inves-
tigate the breakup mechanism of 12C, including the spin of the decaying state and the
angular momentum in the breakup channel.

[1] H. Morinaga, Phys. Rev. 101, 254 (1956)
[2] H. O. U. Fynbo et al., Nature 433, 136 (2005)
[3] S. Hyldegaard et al., Phys. Rev. C 81, 024303 (2010)
[4] M. Freer et al., Phys. Rev. C 86, 034320 (2012)
[5] W. R. Zimmerman et al., Phys. Rev. Lett. 110, 152502 (2013)
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Three-body calculation of the 1s level shift in kaonic deuterium with
realistic K̄N potentials

Revai J. (Wigner RC, Budapest, Hungary)

In a recent test calculation [1] we demonstrated the applicability of the Coulomb Stur-
mian expansion method for the exact calculation of the 1s level shift in three-body
hadronic atoms. For the hadron-nucleon interaction we used simple one-channel poten-
tials with constant imaginary parts to account for the absorption.

In the present work the 1s level shift in kaonic deuterium (K̄d) was calculated
using realistic, multichannel K̄N interactions. Three different potentials were used, two
phenomenological ones with one- and two-pole structure for the Λ(1405) and an enegy-
dependent chiral-type. All interactions reproduce the known K̄N experimental data,
including the recent and accurate SIDDHARTA hydrogenic 1s level shift. They were
already used in our previous coulomb-less Faddeev calculations for the K̄NN system
[2].

To calculate the level shift in (K̄d) with these potentials we first reduced them to
act only in the K̄NN particle channel in the form of an “exact optical” potential. This
construction reproduces the exact upper-channel (elastic) amplitude of the multichannel
interaction both on- and off- energy shell and preserves its analytical structure (poles,
branch cuts, thresholds..) in the energy variable. As a consequence, the interactions are
complex and strongly energy-dependent, the Riemann surface of the relevant Green’s
function matrix elements has a complicated multi-level structure and the sought energy
eigenvalue is located on one of the unphysical sheets.

Due to these features the procedure of calculating the channel Green’s function
matrix elements using a convolution integral in the subsytem energy variable had to
be substantially modified. As a result, the following converged - accurate to ∼ 1 eV -
values for the complex 1s energy shifts ∆E in (K̄d) were obtained for the 1-pole, 2-pole
and chiral potentials (in eV): (767-464 i),(782-469 i) and (835-502 i), respectively. The
exact numbers were compared with the results of previous, approximate calculations for
the same potentials.

Most likely the significance of the present calculation lies not as much in these
numbers, as in the first possibility to relate an important an hopefully measurable
observable of the K̄NN system to the input K̄N interactions without relying upon
uncontrollable approximations. The proposed method can serve as an important tool
in fixing the yet uncertain properties of the basic K̄N interactions.

[1] P. Doleschall, J. Revai and N. V. Shevchenko, Phys.Lett. B 744, 105 (2015)
[2] N. V. Shevchenko, Phys.Rev. C 85,034001(2012); N. V. Shevchenko and J.

Revai, Phys.Rev. C 90,034003(2014); J. Revai and N. V. Shevchenko, Phys.Rev. C
90,034004(2014)
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Beta-delayed particle emission from neutron halos

Riisager K. (Aarhus University, Aarhus, Denmark)
IS541 collaboration

Neutron halo nuclei are situated at the neutron dripline and typically have large Q-
values for β decay. Beta-delayed particle emission is therefore expected to be promi-
nent. If the structure of a halo nucleus is well approximated by a few-body model (core
+ one or two neutrons) the decays where halo neutrons transform into protons are of
particular interest. For two-neutron halos this gives βd decay that is observed in 6He
and 11Li [1], but where the two-neutron correlation also enters.

The case of a one-neutron halo decaying via βp is simpler, but the decay is heavily
suppressed due to the extremely small Q-value. It was therefore surprising that this
decay was observed [2] from 11Be with a branching ratio close to 10−5, several orders of
magnitude larger than previous calculations. A very simple model calculation [3] of the
process could reproduce the decay strength only if a strong p-10Be resonance is present
within the Q-window.

Prompted by this we have looked more generally at β decay to the continuum [4]
and demonstrated that decays and reactions may give different results for resonance
properties. The contribution will update the experimental situation and discuss how
the results may be interpreted theoretically.

[1] Pfützner M. et al., Rev. Mod. Phys. 84, 567 (2012)
[2] Riisager K. et al., Phys. Lett. B732, 305 (2014)
[3] Riisager K, Nucl. Phys. A925, 112 (2014)
[4] Riisager K, Fynbo H.O.U., Hyldegaard S. and Jensen A.S., Nucl. Phys. A940,

119 (2015)
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How Merkuriev splitting works

Roudnev V.A. (St-Petersburg State University, St-Petersburg, Russia)
Gradusov V.A. Yakovlev S.L.

Many bound state and scattering calculations [2-7] for three-body Coulomb systems have
been successfully performed on the base of Merkuriev-Faddeev equations for Coulomb
potential [1]. The key – and not entirely understood – ingredient in the formulation
of the equations is splitting of Coulomb potential into short- and long-range parts in
three-body configuration space. This splitting is a functional parameter of the equations
which particular functional form is not strictly dictated by the formal requirement of
asymptotic channel separation in infinite configuration space. In contrast, the choice of
the functional form of the splitting for practical calculations performed in finite domains
is critical for obtaining and even observing convergence of the solutions. We discuss this
problem starting from the splitting in two-body configuration space. With this example
we develop simple and physically intuitive conditions on the splitting function. Splitting
the potential in three-body configuration space makes it possible to perform calculations
in a broader range of energies and to optimize the numerical convergence.

We illustrate our discussion with calculations of scattering cross sections for all pro-
cesses in the system of electron, positron and proton between the positronium formation
threshold and the third excitation threshold of the Hydrogen atom.

[1] S.P.Merkuriev, Annals of Physics, 130, 395 (1980)
[2] Hu, C.-Y., Kvitsinsky, A.A.,Merkuriev, S.P. Phys. Rev. A 45, 2723 (1992)
[3] Kvitsinsky, A.A., Carbonell, J., Gignoux, C., Phys Rev A. 51, 2997 (1995)
[4] Kvitsinsky, A.A., Hu, C.-Y., Cohen, J.S., Phys. Rev. A 53, 255 (1996)
[5] Hu, C.-Y., Phys. Rev. A, 59 4813-4816 (1999)
[6] Chi-Yu Hu, J. Phys. B: At. Mol. Opt. Phys. 32, 3077 (1999)
[7] Papp, Z.ab, Hu, C.-Y, Phys. Rev. A 66, 052714 (2002)
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Continuum Discretization for Quantum Scattering and Nuclear Matter
Calculations

Rubtsova O.A. (Skobeltsyn Institute of Nuclear Physics, Moscow State University,
Moscow, Russia)
Kukuin V.I. Pomerantsev V.N.

Recent developments of the Wave-Packet Continuum Discretization (WPCD) method [1]
are discussed. The approach is based on a finite-dimensional representation for the few-
body free and channel resolvents in the stationary wave-packet bases. The solution
scheme is realized on a discrete on energy and momenta representation which allows
to replace few-body scattering integral equations with their matrix analogs and to con-
struct effective interactions of composite particles as well. According to the usage of
the normalized continuum states [1], one can take into account the long-range Coulomb
interaction without screening within the Coulomb wave-packet formalism. The numer-
ical scheme for solving the discretized Faddeev equations is highly parallelized and is
realized by using the fast GPU technique [2].

The above discretization technique is very useful in nuclear matter calculations where
it allows to reformulate an integral formalism for the reaction matrix (such as the Bethe-
Goldstone-type) in terms of the effective total Hamiltonian defined in the Pauli-allowed
subspace. As a result, the reaction matrix at many relative momenta and energies can be
found by using the respective Hamiltonian matrix diagonalization in the stationary wave
packet basis which simplifies strongly the self-energy iterations. A way for an extension
of the discrete approach to the account of three-nucleon correlations in nuclear matter
on the basis of the three-body Bethe–Faddeev equations is discussed.

The work is partially supported by the RFBR grant 16-02-00049 and the joint RFBR-
DFG grant 16-52-12005.

[1] Rubtsova O.A., Kukulin V.I., Pomerantsev V.N., Annals of Physics 360, 613
(2015).

[2] Pomerantsev V.N. et al., Computer Physics Communications 204, 121 (2016).
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A new method for calculating the baryons mass under the phenomeno-
logical interaction potential

Salehi N. (Department of Basic Sciences, Shahrood Branch, Islamic Azad University,
Shahrood, Iran)

In this article, the nonrelativistic quark model and a new baryon mass formula are
applied to study the baryon octet and decuplet masses. Our model, like all Constituent
Quark Models, contains a dominant SU(6)-invariant part accounting for the average
multiplet energies, and a perturbative SU(6)-violating interaction for the splitting within
the multiplets, a structure which is inspired by early Lattice QCD calculations. The
spectrum of the ground state and excited light baryons has been investigated by solving
the Schrdinger equation under the suitable phenomenological interaction potential. Us-
ing the Jacobi-coordinates, anzast method and generalized Gursey Radicati (GR) mass
formula the three body wave equation is solved to calculate the different states of the
considered baryons. A comparison between our calculations and the available experi-
mental data shows that the position of the Roper resonances of the nucleon, the ground
states and the excited multiplets up to three GeV are in general well reproduced and
comparable with the experimental spectrum. Also one can conclude that; the interac-
tion between the quark constituents of baryon resonances could be described adequately
by using the combination of Killingbeck and isotonic oscillator potentials form.
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Uncertainty quantification in many-body applications of chiral nuclear
forces

Sammarruca F. (University of Idaho, Moscow, Idaho, USA)

Chiral effective field theory (EFT) has proven to be a powerful tool to derive few-nucleon
forces in a model-independent way. Within chiral EFT, one maintains a firm connec-
tion with quantum chromodynamics, while following a well-defined path to generate
two- and few-nucleon forces on an equal footing. High-quality two- and three-nucleon
forces have been developed up to fifth and sixth order of chiral EFT [1,2]. Naturally,
the next step is the application of these forces in the many-body system–the goal of ab
initio nuclear physics and a task of formidable complexity.

In spite of recent progress, we are still faced with serious problems. One of them
concerns the proper quantification of the uncertainty in predictions of structure and
reaction observables. Another issue is whether the order-by-order convergence of the
chiral expansion is satisfactory [3]. I will illustrate the above problems by way of repre-
sentative examples of nuclear structure issues.

[1] Entem D.R., Kaiser N., Machleidt R., and Nosyk Y., Phys. Rev. C 91, 014002
(2015); Phys. Rev. C 92, 064001 (2015).

[2] Krebs H., Gasparyan A., and Epelbaum E., Phys. Rev. C 85, 054006 (2012);
Phys. Rev. C 87, 054007 (2013).

[3] Sammarruca F., Coraggio L., Holt J.W., Itaco N., Machleidt R., and Mar-
cucci L.E., Phys. Rev. C 91, 054311 (2015).

90



Structure of weakly-bound three-body systems in two dimension

Sandoval J.H. (Aarhus University, Aarhus, Denmark)
Yamashita M.T. Bellotti F.F. Jensen A.S.

We calculate root-mean-square radii for a three-body system confined to two spatial
dimensions and consisting of two identical bosons (A) and a distinguishable particle
(B). We use zero-range two-body interactions between each of the pairs, and focus
thereby directly on universal properties, where the properties of the quantum system
are independent on the details of the zero-range interaction between particles (the two-
body scattering length is much larger than the range of the potential). We solve the
Faddeev equations in momentum space and express the mean-square radii in terms of
first order derivatives of the Fourier transforms of one-body densities [1]. The strengths
of the interactions are in the numerical illustrations adjusted for each set of masses
to produce equal two-body bound-state energies between different pairs [2]. The mass
ratio, A, between particles B and A are varied from 0.01 to 100 providing a number of
bound states decreasing from 8 to 2. Energies and mean-square radii of these states for
small A are analyzed by use of the Born-Oppenheimer potential between the two heavy
A-particles [3]. For large A the radii of the two remaining bound states are consistent
with a slightly asymmetric three-body structure. The radii diverge when A approaches
thresholds for binding of the three-body excited states. These divergences are linear in
the inverse energy deviation of the three-body energy from the corresponding two-body
threshold. The structures at these thresholds correspond to bound AB-dimers and one
loosely bound A-particle.

[1] Charles J. Joachain. Quantum Collision Theory. North-Holland, (1983).
[2] F. F. Bellotti, T. Frederico, M. T. Yamashita, D. V. Fedorov, A. S. Jensen, N.

T. Zinner. J. Phys. B: At. Mol. Opt. Phys. 44 (2011) 205302.
[3] F. F. Bellotti, T. Frederico, M. T. Yamashita, D. V. Fedorov, A. S. Jensen, N.

T. Zinner. J. Phys. B: At. Mol. Opt. Phys. 46 (2013) 055301.

91



Parity- and time-reversal-invariance-violating nucleon-nucleon interac-
tions in the large-Nc expansion

Schindler M. R. (University of South Carolina, Columbia, SC, USA)

Violations of discrete symmetries such as parity (P) and time reversal invariance (T)
in few-nucleon systems provide interesting tests for our understanding of the Standard
Model (SM) as well as sensitive probes of Beyond-the-Standard-Model (BSM) physics.
Parity-violating quark-quark interactions are well understood within the SM, but their
manifestation at the hadronic level involves nonperturbative QCD effects. Hadronic
parity violation in few-nucleon systems can therefore serve as a unique probe of the in-
terplay of SM weak and nonperturbative strong interactions. While the SM also contains
sources of T violation, the predicted T-violating effects are much smaller than current
experimental bounds on corresponding observables. The measurement of T violation,
e.g., in EDMs of light nuclei or in neutron-nucleus reactions, can therefore provide a
sensitive window into BSM physics. Experimental constraints on symmetry-violating
interactions are currently weak (if they exist at all), and we analyze both P-violating
T-conserving and P-violating T-violating nucleon-nucleon interactions in terms of the
large-Nc expansion of QCD to provide additional theoretical constraints. This analysis
establishes a hierarchy of terms that can be mapped onto symmetry-violating poten-
tials, which establishes relations between couplings and helps to delineate the terms
that should be most important in phenomenological applications. This presentation is
based on Refs. [1,2].

[1] M. R. Schindler, R. P. Springer, and J. Vanasse, Phys. Rev. C 93, no. 2, 025502
(2016)

[2] D. Samart, C. Schat, M. R. Schindler, and D. R. Phillips, arXiv:1604.01437
[nucl-th]
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Trimer and Tetramer bound states in heteronuclear systems

Schmickler C.H. (TU Darmstadt, Darmstadt, Germany)
Hammer H.-W. Hiyama E.

The Efimov effect in heteronuclear cold atomic systems is experimentally more eas-
ily accessible than the Efimov effect for identical atoms, because of the potentially
smaller scaling factor [1]. We focus on the case of two or three heavy identical bosons
and one fermion. The former case was recently observed in a mixture of 133Cs and 6Li
atoms [2],[3].

We employ the Gaussian Expansion Method as developed by Hiyama, Kino et al. [4].
This is a variational method that uses Gaussians that are distributed geometrically over
a chosen range. Supplemental calculations are performed using the Skorniakov-Ter-
Martirosian equation [1].

Blume et al. [5] previously investigated the scaling properties of heteronuclear sys-
tems in the unitary limit and at the three-body breakup threshold. We have completed
this picture by calculating the behaviour on the positive scattering length side of the
Efimov plot, focussing on the dimer threshold. In this region, the appearance of dimer-
atom-atom Efimov states is predicted and for identical bosons they have been found in
theoretical calculations [6]. We investigate the feasibility of finding these dimer-atom-
atom states within the confines of our method.

[1] Braaten, E. and Hammer, H.-W. Phys. Rep. 428, 259 - 390 (2006)
[2] Tung, S.-K. et al. Phys. Rev. Lett. 113, 240402 (2014)
[3] Pires, R. et al. Phys. Rev. Lett. 112, 250404 (2014)
[4] Hiyama, E., Kino, Y. and Kamimura, M. Prog. Part. Nucl. Phys. 51, 223 - 307

(2003)
[5] Blume, D. and Yan, Y. Phys. Rev. Lett. 113, 213201 (2014)
[6] Deltuva, A. Few Body Syst. 54, 1517 - 1521 (2013)
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Relativistic Calculation of Baryon Masses and Hadronic Decay Widths
With Explicit Pionic Contributions

Schmidt R. (University of Graz, Graz, Austria)
Canton L. Plessas W. Schweiger W.

We have studied baryon ground and resonant states by taking explicit mesonic de-
grees of freedom into account. We have followed a relativistic coupled-channels (CC)
approach relying on a Poincaré-invariant mass operator in matrix form. It corresponds
to a bare particle b that is coupled to j further mesonic channels.

Here we report results, where the b particle is either a bare N or bare ∆ coupled to
πNN and πN∆ channels, respectively. For the baryon-pion vertices we employ coupling
constants and form factors from different models in the literature [1-3]. By solving the
eigenvalue equation for the mass operator we obtain the pion-dressing effects on the N
ground-state mass as well as the mass and hadronic decay width of the ∆. The dressed
masses become smaller than the bare ones, and a finite width of the ∆ resonance is
naturally generated.

The results are relevant for the construction of constituent-quark models for hadrons,
which have so far not included explicit mesonic degrees of freedom. They produced
covariant results for hadronic decay widths generally underestimating phenomenological
data [4]. A qq̄ toy model for mesons following a similar CC approach on a microscopic
level has already shown promising results for dressed masses and finite decay widths of
resonances [5].

[1] Melde T., Canton L., and Plessas W., Phys. Rev. Lett. 102, 132002 (2009)
[2] Sato T. and Lee T. S. H., Phys. Rev. C 54, 2660 (1996)
[3] Polinder H. and Rijken T. A., Phys. Rev. C 72, 065210 (2005); ibid. C 72, 065211
(2005)
[4] Melde T., Plessas W., and Sengl B., Phys. Rev. D 77, 114002 (2008)
[5] Kleinhappel R., Plessas W., and Schweiger W., Few-Body Syst. 54, 339 (2013)
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Deuteron Analyzing Powers for dp Elastic Scattering at Intermediate
Energies and Three Nucleon Forces

Sekiguchi K. (Tohoku University, Sendai, Japan)
Wada Y. Watanabe A. Eto D. Akieda T. Kon H. Miki K. Sakamoto N. Sakai H.
Sasano M. Shimizu Y. Suzuki H. Uesaka T. Yanagisawa Y. Dozono M. Kawase S.
Kubota Y. Lee C.S. Yako K. Maeda Y. Kawakami S. Yamamoto T. Sakaguchi S.
Wakasa T. Yasuda J. Ohkura A. Shindo Y. Tabata M. Milman E. Chebotaryov S.
Okamura H. Tang T.L.

Few-nucleon scattering at intermediate energies (E/A ∼ 200 MeV) is one attractive
approach to investigate the dynamical aspects of 3NFs, such as momentum and/or spin
dependences. Direct comparison between the data and the rigorous numerical calcu-
lations based on bare nuclear potentials provides information of 3NFs. So far large
3NF effects are theoretically predicted and experimentally confirmed in the cross sec-
tion minimum for dp scattering at ∼ 100 MeV/nucleon. With the aim of clarifying roles
of the 3NFs in nuclei the experimental programs with polarized deuterons beams at
intermediate energies are in progress at RIKEN RI Beam Factory (RIBF) [1]. We have
measured all deuteron analyzing powers (iT11, T20, T21, and T22) for deuteron–proton
(dp) elastic scattering at 70–300 MeV/nucleon, typically in step of 50 MeV/nucleon.

The vector and tensor polarized deuteron beams were accelerated by three cy-
clotrons, AVF, RRC and SRC. The measurement of deuteron analyzing powers for
elastic dp scattering was carried out using the polarimeter BigDpol installed at the ex-
traction beam line of the SRC. The deuteron beams bombarded a polyethylene (CH2)
target in the scattering chamber. Scattered deuterons and recoil protons were detected
by plastic scintillators in kinematical coincidence conditions.

The obtained high precision data are compared with the results of three-nucleon
Faddeev calculations based on the nucleon-nucleon (NN) potentials; i.e. CD Bonn, Ar-
gonne V18, Nijmegen I, and II, alone or combined with the Tucson-Melbourne’99 and
the Urbana IX 3NFs. Large discrepancies between the pure NN theory and the data,
which are not resolved even by adding the current 3NFs, are found at the c.m. backward
angles for almost all the deuteron analyzing powers with increasing an incident energy.
In the conference the comparison between the data and the calculations based on the χ
EFT potentials [2] will also be presented.

[1] K. Sekiguchi et al., Phys. Rev. C 83, 061001 (2011); K. Sekiguchi et al., ibid.
89, 064007 (2014).

[2] S. Binder et al., Phys. Rev. C 93, 044002 (2016).
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Time-dependent correlated Gaussian approach to the nuclear response
of few-nucleon systems

Sekine R. (Department of physics, Hokkaido Univ., Sapporo, Japan)
Horiuchi W.

Nuclear reactions such as particle emission, β-delayed particle emission, and such caused
by electromagnetic transitions provide the information on nuclear structure and reaction
dynamics. For example, in the primordial nucleosynthesis, nuclei having mass number
2-7 are created by radiative captures. This process is often studied by investigating its
inverse reaction; photoabsorption reaction, which occurs mainly due to E1 transitions.
However, one faces difficulty to treat many-body continuum states. Here we employ
the time-dependent method [1]. The method requires no explicit continuum states,
and we solve the time-dependent Schr?dinger equation directly to obtain the response
functions of a nuclear systems. The wave function is expanded by correlated Gaussian
(CG) function [2], which can efficiently describe many-body correlations. When we solve
time-dependent equation, however, the artificial reflection waves appear from the model
space boundaries. Ref. [3] has discussed the explicit time-dependent basis functions to
avoid this problem. Combining these ideas, we develop the explicitly time-dependent
CG function and describe the response of N-nucleon systems. The photoabsorption
cross sections of two- to four-nucleon systems are calculated to show the power of the
time-dependent CG function.

[1] T. Kido, K. Yabana, and Y. Suzuki, Phys. Rev. C 53, 5 (1996)
[2] K. Varga, and Y. Suzuki, Phys. Rev. C 52, 2885 (1995)
[3] K. Varga, Phys. Rev. E 85, 016705 (2012)
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Neutron−19C scattering: emergence of universal properties in finite
range potential

Shalchi M.A. (Instituto de F́ısica Teórica, Universidade Estadual Paulista, São Paulo,
Brazil)
Yamashita M.T. Hadizadeh M.R. Frederico T. Tomio L.

In this work we revisit the well known study of neutron-deuteron doublet scattering
length extending it to the 20C halo nucleus approached by two halo neutrons and a core
interacting by a Yamaguchi potential. The calculation of k cot δ0 for the low energy
neutron−19C scattering reveals a pole coming from the log periodic solutions originated
from the Efimov physics. The results for a finite range potential present a universal
feature scaling with the ratio of the three-body center-of-mass energy and the position
of the pole. This results is in accordance with previous calculations performed with a
zero-range potential. We observed a slight change of the position of the pole as well
as the neutron−19C energy where the three-body 20C excited state turns into a virtual
state. The analytical structure of the unitary cut is not affected by introducing neither
a mass asymmetry nor a finite range potential.
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Gauge-independent treatment of radiative capture in nuclear reactions:
application to the theory of alpha-alpha bremsstrahlung

Shebeko A.V. (Institute for Theoretical Physics, Kharkov, Ukraine)

Our departure point in describing electromagnetic (EM) interactions with nuclei (in
general, bound systems of charged particles) is to use the Fock-Weyl criterion and a
generalization of the Siegert theorem (see [1] where this approach is compared with
that by Friar and Fallieros [2]). It has been shown how one can meet the gauge in-
variance principle (GIP) in all orders in the charge and construct the corresponding
EM interaction operators in case of nuclear forces arbitrarily dependent on velocity (see
paper [1] and refs. therein). Along the guideline we have derived the conserved current
density operator for a dicluster system (more precisely, the system of two finite-size clus-
ters with many-body interaction effects included). Being expressed through electric and
magnetic field strengths and matrix elements of the generalized electric and magnetic
dipole moments of a system the single-photon transition amplitudes attain a manifestly
gauge-independent (GI) form. Special attention is paid to the cluster structure of the
T-matrix for radiative process A+B → γ + C, in which a target-nucleus A captures a
projectile-nucleus B that is followed by the single-photon emission and formation of a
system C=A+B in a bound or continuum state , e.g., as in case of α+ α→ γ + α+ α
bremsstrahlung. We show how the decomposition of T into separate contributions re-
sponsible for the photon emission stems from the time-space current components and
depends on the interactions between colliding nuclei (clusters) . The latter may be
nonlocal. Evidently, if we switch off the α−α interaction in entrance and exit channels,
such a process will be impossible. Keeping this in mind, it is easily to see (at least,
within potential models of the α−α scattering) that the relevant Coulomb-like integrals
with distorted waves can be calculated in terms of the half-off-energy α− α scattering
amplitudes (cf.,e.g., [4]).

[1] Shebeko A.V., Sov. J. Nucl. Phys. 49 30 (1989)
[2] Friar J.L. and Fallieros S., Phys. Rev. C 34, 2029 (1986)
[3] Shebeko A.V., Phys. At. Nucl. 77 518 (2014)
[4] Garrido E., Jensen A.S. and Fedorov D.V., Few-Body Syst. 55 101 (2014)
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Different properties of K̄NN and K̄K̄N systems

Shevchenko N.V. (Nuclear Physics Institute, 25068 Řež, Czech Republic)

Three-body systems consisting of nucleons and antikaons are interesting exotic objects
of different type with different properties. For example, a quasi-bound state caused by
strong antikaon-nucleon attraction exists in K−pp and K−K−p systems. Unfortunately,
it is hard to measure binding energy and width of such a state: several experiments de-
voted to the K−pp system reported very different results.

One more example is (anti)kaonic deuterium. The lowest level of this exotic atom
is shifted due to presence of the strong interactions. The shift and the width of 1s level
can be measured directly, but accurate theoretical evaluation of this observables is hard.

The talk summarizes results of theoretical works [1-3] devoted to the K̄NN and
K̄K̄N systems. The calculations were performed using Faddeev-type AGS equations
with coupled channels.

[1] Shevchenko N.V. and Révai J., Phys. Rev. C 90, 034003 (2014)
[2] Révai J. and Shevchenko N.V., Phys. Rev. C 90, 034004 (2014)
[3] Shevchenko N.V. and Haidenbauer J., Phys. Rev. C 92, 044001 (2015)
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Experimental studies of the tetra-neutron system by using RI-beam

Shimoura S. (Center for Nuclear Study, the University of Tokyo, Japan)

We have found a candidate tetra-neutron resonant state via a double-charge exchange
reaction 4He(8He,8Be) at 190 A MeV by using the SHARAQ spectrometer at the RIBF
facility in RIKEN [1]. Production mechanism with kinematical consideration for the
present reaction is introduced and analysis for the obtained missing mass spectrum
is presented. Nuclear forces relevant for formation of multi-neutron resonance are
discussed for consistent understanding of few-body systems. Other experimental ap-
proaches for the tetra-neutron system at the RIBF are also shown.

[1] Kisamori K., Shimoura S., et al., Phys. Rev. Lett. 116, 052501 (2016)
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Modern chiral forces applied to three-nucleon electroweak processes

Skibiński R. (M.Smoluchowski Institute of Physics, Jagiellonian University, Kraków,
Poland)
Golak J. Topolnicki K. Wita la H. Epelbaum E. Kamada H. Krebs H. Meißner Ulf-G.
Nogga A.

The improved chiral nucleon-nucleon (NN) interaction with the semi-local regularization
was derived recently [1,2] up to the fifth order of the chiral expansion. In comparison
to the older version of the chiral potential [3] the regularization of the potential is now
performed in coordinate space what leads to a much better control of finite-cutoff arte-
facts. In the two-nucleon system the new force yields a very precise description of phase
shifts as well as observables up to 300 MeV and shows only tiny dependence on the
regularization parameter.

In the three-nucleon (3N) sector the older version of the interaction works well at the
next-to-next-to leading order (N2LO) for the nuclear structure and nucleon-deuteron
(Nd) scattering [4]. However, a strong cut-off dependence is observed at N3LO in
description of the 3H nucleus [5] and in study Nd reactions [6,7]. The situation is even
worse for the electromagnetic processes in 3N systems, where the dependence on the
used regulators is sizeable already at N2LO [8,9,10].

In the present contribution the recent application [11] of the state-of-the-art NN
potential [1,2], obtained within the formalism of Faddeev equations [12] in momentum
space, to the 3N systems will be presented with the focus on electroweak processes. In
particular, predictions for proton-deuteron radiative capture, 3He photodisintegration
and muon capture on the 3He leading to the 3H, d+n or n+n+p and a muonic neu-
trino in the final state, will be given. Finally, the predictions on the Gamow-Teller
matrix element in the 3H beta decay, obtained with the single nucleon weak current
supplemented by dominant exchange currents consistent with the chiral interaction [13]
will be presented for the first time. The possible use of this matrix element to fix free
parameters of the 3N force will be discussed.

[1] Epelbaum E., Krebs H., and Meißner Ulf-G., Eur. Phys. J. A51, 26 (2015)
[2] Epelbaum E., Krebs H., and Meißner Ulf-G., Phys. Rev. Lett. 115, 122301

(2015)
[3] Epelbaum E., Glöckle W. and Meißner Ulf-G., Nucl. Phys. A747, 362 (2005)
[4] Epelbaum E., Nogga A., Glöckle W., Kamada H., Meißner Ulf-G. and Wita la H.,

Phys. Rev. C66, 064001 (2002)
[5] Skibiński R., Golak J., Topolnicki K., Wita la H., Epelbaum E., Glöckle W.,

Krebs H., Nogga A., and Kamada H., Phys. Rev. C84, 054005 (2011)
[6] Wita la H., Golak J., Skibiński R., and Topolnicki K., J. Phys. G41, 094011

(2014)
[7] Golak J., Skibiński R., Topolnicki K., Wita la H. et al., Eur. Phys. J. A50, 177

(2014)
[8] Skibiński R., Golak J., Wita la H., Glöckle W., Nogga A., and Epelbaum E., Acta

Phys. Polon. B37, 2905 (2006)
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[9] Skibiński R., Golak J., Rozpȩdzik D., Topolnicki K., and Wita la H., Acta Phys.
Polon. B46, 159 (2015)

[10] Rozpȩdzik D., Golak J., Kölling S., Epelbaum E., Skibiński R., Wita la H., and
Krebs H., Phys. Rev. C83, 064004 (2011)

[11] Golak J., Skibiński R., Wita la H., Glöckle W., Nogga A., and Kamada H., Phys.
Rept. 415, 89 (2005)

[12] Skibiński R., Golak J., Topolnicki K., Wita la H., Epelbaum E., Kamada H.,
Krebs H., Meißner Ulf-G., and Nogga A., arXiv:1604.03395 [nucl-th]

[13] Epelbaum E., Krebs H., Meißner Ulf-G., in preparation.
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Invariant variables for breakup reaction

Skwira-Chalot I. (University of Warsaw, Warsaw, Poland)
Ciepa I.

A large set of high precision data of 1H(~d, pp)n reaction at beam energy of 130 MeV
were collected with SALAD and GeWall detectors [1], [2]. The polarized deuteron
beams were produced with the use of the ion sources of the AGOR (KVI Groningen,
The Netherlands) and COSY (IKP FZ-Juelich, Germany) accelerators.

The ~dp breakup reaction is one of the simplest processes to study dynamics of
three nucleons. The process is characterized by a rich kinematics of the final state
what makes it selective regarding the employed model of interaction. Experiments with
polarized beams (or targets) give opportunity to study a large number of observables
(e.g. analyzing powers) sensitive to dynamical components, which are hidden in the
unpolarized case. All studied observables (e.g. cross section, vector and tensor analyzing
powers) are interesting for testing theoretical calculations based on various approaches
[3 - 7] to model the interaction in few-nucleon systems.

The kinematics of breakup reaction can be described in many different ways, e.g.
using particles energies and their emission angels, with Jacobi momenta or in terms of
invariant variables. In this work we concentrate on the Mandelstam variables which
have been rewritten in a convenient way for breakup reaction (three-nucleon in final
state).

The experimental data will be transformed to the variables based on Lorentz-
invariants and compared with modern theoretical calculations. The main purpose of
such analysis is to check its applicability for studies of various dynamical effects. In
particular, studies in terms of invariant variables can encompass and treat in a consis-
tent way very rich data sets collected for breakup reaction at various energies.

[1] St. Kistryn, et al., J. Phys. G. 40 (2013) 063101.
[2] I. Ciepa, et al., Phys. Rev. C 68 (2003) 024005.
[3] H. Witaa, et al., Phys. Rev. Lett. 81 (1998) 1183.
[4] A. Deltuva, et al., Phys. Rev. C 68 (2003) 024005.
[5] E. Epelbaum, et al., Eur. Phys. J. A 19 (2004) 125; ibid. A 19 (2004) 405.
[6] S.A. Coon, et al., Few-Body Syst. 30 (2001) 131.
[7] A. Deltuva, et al., Phys. Rev. C 80 (2009) 064002.
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Dynamics of several ultra-cold particles in a double-well potential

Sowiński T. (Institute of Physics of the Polish Academy of Sciences)

In nowadays experiments in ultra-cold physics it is possible to study dynamical prop-
erties of a few quantum particles confined in nontrivial potentials. Typically these
experiments are described on theoretical level with simplified models based on mean-
field description or Hubbard-like models with limited number of modes. In my talk I
will present two examples showing that in the case of strongly interacting particles these
approaches may lead to completely incorrect predictions.

1. In the case of two ultra-cold BOSONS confined in a one-dimensional double-well
potential we compare the exact dynamics governed by a full two-body Hamiltonian
with the dynamics obtained in a two-mode model approximation. We show that for
sufficiently large interactions the two-mode model breaks down and higher single-particle
states have to be taken into account to describe the dynamical properties of the system
correctly. The fundamental difference between the exact and two-mode descriptions
emerges when inter-particle correlations are considered. For example, the evolution of
the probability that both bosons are found in opposite wells of the potential crucially
depends on couplings to higher orbitals of an external potential [1].

2. In the case of a few ultra-cold FERMIONS confined in a double-well potential we
show that the dynamics, which is governed by single-particle tunnelings for vanishing
interactions, is completely different for strong interactions. Depending on the details
of the configuration, for sufficiently strong interactions (repulsions or attractions) the
particle flow through the barrier can be accelerated or slowed down. This effect cannot
be explained with the single-particle picture. It is clarified with a direct inspection of
the spectrum of the few-body Hamiltonian [2].

[1] J. Dobrzyniecki, T. Sowiski: Eur. Phys. J. D 70, 83 (2016).
[2] T. Sowiski, M. Gajda, K. Rzewski: Europhys. Lett. 113, 56003 (2016).
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Experimental studies of few-nucleon systems at intermediate energies

Stephan E. (University of Silesia, Katowice, Poland)
Kistryn St. Kozela A.

Systems of three nucleons (3N) can be treated as a testing ground for modern ap-
proaches to describe nuclear interaction. At medium energies, observables for 3N sys-
tems are sensitive to subtle effects of the dynamics beyond the pairwise nucleon-nucleon
force, so-called 3N-force (3NF). For years the quest for 3NF has been motivating pre-
cise measurements of observables in systems composed of 3 nucleons, particularly in the
sector of elastic nucleon-deuteron scattering [1]. Recently, a database for the deuteron
breakup reaction has also been significantly enriched with precise data, collected with
detection systems covering large parts of the phase space [1,2]. Breakup of a deuteron
in collision with a proton leads to the final state of three free nucleons, with variety
of possible kinematic configurations, revealing locally enhanced sensitivity to particu-
lar aspects of the interaction dynamics, like 3NF, Coulomb force between protons, or
relativistic effects. This feature makes the breakup reaction a very versatile tool for
validation of the theoretical description.

Reactions involving 4 nucleons pose immense challenges as regards exact theoretical
calculations for such systems. Nonetheless, they attract attention due to expected
enhanced sensitivity to certain aspects of the nuclear dynamics, manifesting themselves
in various channels and configurations.

The most important results of recent experimental studies of 3N and 4N systems at
medium energies will be discussed. A brief survey of ongoing and planned projects will
also be given.

[1] Kalantar-Nayestanaki N., Epelbaum E., Meschendorp J., Nogga A., Rep. Prog.
Phys. 75, 016301 (2012)

[2] Kistryn St., Stephan E., J. Phys. G: Nucl. Part. Phys. 40, 063101 (2013)
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Ground state properties of weakly bound few-body systems

Stipanović P. (Faculty of Science, University of Split, Rudera Boškovića 33, HR-21000
Split, Croatia)
Vranješ Markić L. Boronat J.

The results of the recent research in quantum systems will be presented. Ground state
properties of weakly bound systems consisting of few particles are explored with a spe-
cial emphasis on a universality of quantum halo states - weakly bound systems with a
radius extending well into the classically forbidden region.

The focus of the study are clusters consisting of T↓, D↓, 3He, 4He and alkali atoms.
The study of realistic systems is supplemented by model calculations in order to analyze
how low-energy properties depend on the interaction potential. The use of variational
and diffusion Monte Carlo methods enabled very precise calculation of both size and
binding energy of the trimers and tetramers.

Using dimensionless measures of the binding energy and cluster size, studied atomic
clusters are compared to other known halos in different fields of physics. Characteristic
scaling lengths, which make size-energy ratio to be universal, are selected.

As the scaled binding energy decreases, tango type trimers separate from Borromean
type [1]. Research is extended to tetramers. Furthermore, the structural properties
of different trimers are compared with recently published experimental results [2,3]
obtained by Coulomb explosion imaging of diffracted clusters.

[1] Stipanović P. et al., Phys. Rev. Lett. 113, 253401 (2014).
[2] Voigtsberger J. et al., Nature Communications 5, 5765 (2014).
[3] Kunitski M., Science 348, 551 (2015).
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Few-Body Effects in Neutron Star Matter

Takibayev N. (al-Farabi Kazakh National University, Almaty, Kazakhstan)

Nuclear reactions and processes stimulated by huge pressure in the overdense matter
of a neutron star are considered in the frame of their mutual influences. These forced
reverse reactions and nonlinear interactions as well as few-body effects play the impor-
tant role in the forming of the unusual states that are impossible in ordinary conditions.
The neutron resonances of three-body type arise in certain layers of crystalline structure
in neutron star envelopes [1] and lead to local oscillations of density, which change the
micro profile of pulsar impulses.

The primary chemical composition of neutron star determines the ways of matter
transformation in the layers of neutron star crusts. It is shown that apart from an
electron capture by nucleus the reactions with emission of neutrons, alpha particles and
formations of excited nuclei take place in deep layers of inner crust.

The nonlinear interactions of excited nuclei result in high harmonic generations
and reactions with gammas, which are able to punch out nucleons and alpha particles
from the nuclei. So, the inner crust layers are enriched with free neutrons and alpha
particles. The calculations demonstrate crucial distinction between the processes of
nuclides transformation in the case of Fe and Si groups of elements.

The special experiments are proposed to detect the neutron resonances of few-body
type in the low energy region [2]. Our calculations are carried out for those neutron
resonances that appear in the crystal with 113Cd isotopes and demonstrated the absence
of three-body resonances in the crystals with 112Cd isotopes.

[1] Takibayev N., Few-Body Systems, V 54, 447 (2013)
[2] Takibayev N., Abdykadyrov B., Advanced Studies in Theoretical Physics, V 9,

617 (2015)
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Many-body effects in three-body systems: a case of (d,p) reactions

Timofeyuk N.K. (Department of Physics, University of Surrey, Guildford, UK)
Johnson R.C. Waldecker S.J.

It has been recently shown [1] that projecting a many-body wave function into a three-
body channel results in a three-body model with complex nonlocal energy-dependent
three-body optical potential which is not equal to the sum of pairwise two-body optical
potentials describing elastic scattering in the two-body subsystems. The two terms of
this potentials that can be interpreted as two-body potentials in a three-body system
still depend on the position of and interaction with the third body. Other terms describe
complicated multiple scattering effects that include excitation of internal degrees of free-
dom of the constituents of the system. Nevertheless, in the case of A(d,p)B reactions,
which are affected by only those components of the three-body wave function A+p+n
in which p-n separation is small, an A-n (A-p) optical potenial can be obtained by aver-
aging over the position of p (n). This results in an adiabatic model for deuteron channel
that contains nonlocal energy-dependent optical potentials, describing elastic scattering
data, which should be evaluated at a different nucleon energy than that widely used.
Our new numerical calculations with energy-dependent N-A optical potentials, taken
from nonlocal dispersive optical model [2] designed to forge the link between nuclear
structure and reactions, have shown that many-body effects in three-body systems are
much more important than previously thought.

[1] R.C. Johnson and N.K. Timofeyuk, Phys. Rev. C 89, 024605 (2014) [2] M.H.Mahzoon,
R.J.Charity, W.H.Dickhoff, H.Dussan, S.J.Waldecker, Phys. Rev. Lett. 112, 162503
(2014)
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On-shell transition in the SRG framework with a chiral interaction

Timóteo V.S. (State University of Campinas, Limeira, Brazil)
Arriola E.R. Szpigel S.

In the framework of similarity renormalization group (SRG) [1] we use a chiral nucleon-
nucleon interaction at N3LO [2] in the 1S0 channel in order to investigate the on-shell
transition during the SRG flow towards the infrared limit [3-5]. Our analysis is based
on the Frobenius norm of the effective interactions at different similarity cutoffs [6]:

φ = ||Vλ|| =
√
TrV 2

λ .

Choosing β = dφ
dλ as the order parameter, we observe a typical behaviour of a crossover

transition. The pseudo-critical similarity cutoff λc can be located by the maximum of
dβ
dλ . This scale depends on the number of points used to represent the momentum space
and is about λc = 0.9 fm−1 for N = 30 points.

[1] S. K. Bogner, R. J. Furnstahl, A. Schwenk, Prog. Part. Nucl. Phys. 65 (2010)
94.

[2] R. Machleidt and D. R. Entem, Phys. Rept. 503 (2011) 1.
[3] E. Ruiz Arriola, S. Szpigel and V. Timoteo, Phys. Lett. B 728 (2014) 596.
[4] E. Ruiz Arriola, S. Szpigel and V. Timoteo, Phys. Lett. B 735 (2014) 149.
[5] E. Ruiz Arriola, S. Szpigel and V. Timoteo, Annals of Physics 353 (2015) 129.
[6] E. Ruiz Arriola, S. Szpigel and V. Timoteo, arXiv:1601.02360 (2016) 1.
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Faraday waves in coldatom systems with two- and three-body interac-
tions

Tomio L. (Instituto Tecnológico de Aeronáutica, São José dos Campos, Brazil
and Instituto de F́ısica Teórica, UNESP, São Paulo, Brazil)
Gammal A. Abdullaev F.Kh.

By following some previous works on the role of three-body interactions in Bose-Einstein
condensates (BEC), we consider ultracold atomic system with two- and three-body in-
teractions periodically varying in time. Typically, in dilute BEC systems, three-body
effects are quite small in comparison with two-body effects. However, a relevant role
of a even small repulsive three-body interaction in condensates was shown in [1], when
considering attractive two-body interactions. In such a case, the existing critical max-
imum number of atoms for stability can be considerably extended. More recently, an
interesting scheme to reach a condensate with almost pure three-body effects was sug-
gested in [2], by periodical variations in time of the two-body interaction. Therefore, we
study two models of time-dependent three-body interactions, with quadratic and quartic
dependence on the two-body atomic scattering length as [3]. We verify that paramet-
ric instabilities in the condensate leads to the generation of Faraday waves (FW), with
wavelengths depending on the background scattering length, as well as on the frequency
and amplitude of the modulations of as. Such results can open new experimental pos-
sibilities to tune the period of Faraday patterns by varying not only the frequency of
modulations and background scattering length, but also through the amplitude of the
modulations.

[1] Gammal A., Frederico T., Tomio L. and Chomaz P., J. Phys. B: At. Mol. Opt.
Phys. 33, 4053 (2000); Phys. Rev. A 61, 051602(R) (2000).

[2] Mahmud K.W., Tiesinga E. and Johnson P.R., Phys. Rev. A 90, 041602(R)
(2014).

[3] Abdullaev F.Kh., Gammal A. and Tomio L., J. Phys. B: At. Mol. Opt. Phys.
49, 025302 (2016).
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Three nucleon scattering in a “three dimensional” approach

Topolnicki K. (Jagiellonian University, Kraków, Poland)
Golak J. Skibiński R. Wita la H.

Recent results published in [1] hint that the traditional partial wave approach used
to describe three nucleon scattering does not produce convergent results for certain
kinematical situations. In this talk I will introduce the so-called “three dimenional”
approach to few nucleon calculations where, instead of resorting to partial wave decom-
position, the three dimensional degrees of freedom of the nucleons are utilized directly.
Practical calculations using this approach are possible, to a large extent, due to the
possibility of writing the relavent operators in their most general form where their ma-
trix elements in momentum space are a linear combination of scalar functions and spin
- isospin operators [2]. Constructing this general operator form is a difficult task but it
significantly limits the computational complexity of the calculations. Currently opera-
tor forms exist e.g. for the two-nucleon force, the two-nucleon transition operator and
for certain types of three-nucleon forces [3]. I will describe a new procedure that can
be used to construct this general form for few nucleon potentials. Additionally, special
emphesis will be put on the applications and benefits of this new “three dimenional”
formalism in the description of three-nucleon scattering.

The project was financed from the resources of the National Science Center (Poland)
under grants No. DEC-2013/11/N/ST2/03733 and DEC-2013/10/M/ST2/00420.

[1] Topolnicki K. and Golak J. and Skibiński R. and Wita la H.and C.A. Bertulani
Eur. Phys. J. A (2015) 51:132

[2] Golak J. and Glöckle W. and Skibiński R. and Wita la H.and Rozpȩdzik D. and
Topolnicki K. and Fachruddin I. and Elster Ch. and Nogga A. Phys. Rev. C (2010) 81
034006

[3] Epelbaum E. and Gasparyan A.M. and Krebs H. and Schat C. Eur. Phys. J. A
(2015) 51: 26
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Trion and biexciton in monolayer transition metal dichalcogenides

Tsiklauri Sh.M. (Borough of Manhattan Community College, The City University of
New York, New York, USA)
Kezerashvili R.Ya.

Today as a potential semiconductor counterpart to gapless graphene, one of the most
promising materials is a class of direct bandgap monolayers of transition metal dichalco-
genides (TMDCs) such as WS2, WSe2, MoS2, MoSe2. Optical excitation of TMDC
monolayer generates electron-hole pairs, excitons (X = eh), held together via Coulomb
interactions. In the presence of residual free electrons and holes, excitons interact with
the surrounding charges, ultimately binding to form trions (X− = eeh,X+ = ehh) that
are charged excitons, and neutral biexcitons (X2 = eehh). One of the most remarkable
features of 2D TMDC monolayers is a strong Coulomb interaction between charge car-
riers (electrons and holes) that leads to the formation of multi-carrier bound states of
excitons, trions and biexcitons. The week dielectric screening and reduced dimension-
ality allowing the formation of trions and biexcitons with binding energy few tens of
meV.

We study the trion and biexciton in TMDC monolayers within the framework non-
relativistic potential model using the method of hyperspherical harmonics (HH). For
solution of three- and four-body Schredinger equations, we expand the wave functions
of three- and four bound particles in terms of the antisymmetrized hyperspherical har-
monics, and obtain the corresponding hyperradial equations that are solved numerically.
In our calculations we use the 2D screened electrostatic interaction potential [1]. This
potential differs substantially from the usual 1/r Coulomb potential, exhibiting nonlocal
macroscopic screening which arises in 2D systems. We evaluate the trion and biexciton
binding energies for a range of values of the screening length assuming different elec-
tron and hole effective masses. The convergences of binding energy calculations for the
ground state of the trion and biexciton are studied.

We study solutions of hyperradial equations in the lowest approximation for the
grand angular momentum to examine two regimes: a long range and a short range
cases when the interparticle distance is much greater and much less than the screening
length. For these cases, we find the analytical expressions for the energy and wave
function for the trion and biexciton states.

The comparison of our results with experimental data and results obtained using
the path integral Monte Carlo approach [2] and the stochastic variational method [3] is
presented.

[1] Keldysh L.V., JETP Lett. 29, 658 (1979)
[2] Velizhanin K.A. and Saxena A., Phys. Rev. B 92, 195305 (2015)
[3] Zhang D.K., Kidd D.V., and Varga K., Nano Lett., 15, 10 (2015)
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Contribution of the ∆-isobar mechanism to the reaction pp → {pp}sπ
0

in the resonance region

Uzikov Yu.N. (Joint Institute for Nuclear Researches, Dubna, Russian Federation)

The resonance structure observed in the total cross section of the reaction pp → dπ+

with the maximum at about 600 MeV was explained by the ∆(1232)-isobar excitation
in the intermediate state [1]. Recently new analysis was performed [2] showing, how-
ever, that the pure ∆-mechanism is not sufficient to explain the absolute value of the
total cross section of the reaction pp→ dπ+ and therefore dibaryon contributions were
considered in [2]. In this situation it is important to study another channel of this reac-
tion, pp→ {pp}sπ

0, at similar kinematics conditions but with formation of the diproton
{pp}s in the final state with small excitation energy Epp < 3 MeV providing a domi-
nance of the 1S0 state. Due to difference of of the spin S and isospin T of the deuteron
(S = 1, T = 0) and diproton (S = 0, T = 1) the reaction pp → {pp}sπ

0 provides an
independent test for the models of the reaction pp→ dπ+.

According to [3], the approach [1] completely fails to describe the data on the reaction
pp → {pp}sπ

0 obtained by ANKE@COSY [4]. A simpler model based on the triangle
diagram of the one-pion exchange with the subprocess πN → πN turned out to be
more successful [5]. In this work we study the reaction pp → {pp}sπ

0 using one-loop
diagrams with the subprocess πN → ∆ → pπ0. The parameters for the coupling
constants and vertex form factors which were used to explain the COSY data on the
reaction dp→ {pp}sNπ [6], are applied here. The calculated energy dependence of the
differential cross section at zero angle of the pion is in qualitative agreement in shape
with the data at energy 350-800 MeV. However, its absolute value is by factor of 4-5
below the data if the off-shell behaviour of the vertex πN∆ form factor is taken into
account. When the off-shell effects are in part neglected, the data is still underestimated
by ∼ 30%. A similar underestimation is obtained here using the vertex form factors
from Ref.[2].

[1] J.A. Niskanen, Phys. Lett. 141B, 301 (1984)
[2] M.N. Platonova, V.I. Kukulin, Nucl. Phys. A 946, 117 (2016)
[3] J.A. Niskanen, Phys. Lett. B 642, 34 (2006)
[4] V. Kurbatov et al., Phys. Lett. B 661, 22 (2008)
[5] Yu.N. Uzikov, arXiv:0812.4661 [nucl-th]
[6] Yu.N. Uzikov, J. Haidenbauer, C. Wilkin, PoS (Baldin ISHEPP XXII) 093

(arXiv:1502.04675 [nucl-th])
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Applications of the stochastic variational method in few-body problems

Varga K. (Vanderbilt University, Nashville, TN, USA)

We will review some of the most recent applications of the Stochastic Variational Method
(SVM):

(1) SVM is used to show that the effective mass model correctly estimates the binding
energies of excitons and trions but fails to predict the experimental binding energy of
the biexciton. Using high-accuracy variational calculations, it is demonstrated that the
biexciton binding energy in transition metal dichalcogenides is smaller than the trion
binding energy, contradicting experimental findings [1],[2].

(2) The energies and physical properties of three-electron systems are studied using
an explicitly correlated Gaussian basis optimized by the stochastic variational method.
The stability of the system as a function of the nuclear charge is analyzed. The role
of the Coulomb and magnetic interactions in shaping the structure of these systems is
discussed [3],[4].

(3) We have extended the explicitly correlated Gaussian basis approach to solving
time-dependent problems. The method gives an accurate fully quantum mechanical
description of ionization of small atoms and molecules.

[1] David K. Zhang, Daniel W. Kidd, and Klmn Varga, Nano Lett., 2015, 15 (10)
7002

[2] Daniel W. Kidd, David K. Zhang, and Klmn Varga, Phys. Rev. B 93, 125423.
2016

[3] J. A. Salas, I. Pelaschier, and K. Varga Phys. Rev. A 92, 033401, 2015
[4] J. A. Salas and K. Varga, Phys. Rev. A 89, 052501, 2014
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Three-nucleon force effects in p− 3H and n− 3He scattering

Viviani M. (INFN-Pisa, Pisa, Italy)
Kievsky A. Marcucci L. E.

We present new results for p − 3H and n − 3He scattering for energies below the trin-
ucleons breakup threshold (i.e. below the opening of d − d channel). The calculations
are performed solving the four-body quantum mechanical problem using the Kohn vari-
ational principle and the hyperspherical harmonics (HH) technique. These calculations
are rather complex since the two reaction channels are coupled and involve both T = 0
and T = 1 states. So far, only a few other accurate calculations has been performed for
these processes [1].

Clearly, these four-body reactions are a particularly interesting “theoretical labora-
tory” to test the accuracy of our present knowledge of the nucleon–nucleon (NN) and
three nucleon (3N) interactions. Moreover, they are also of interest for astrophysics,
energy production, and studies of fundamental symmetries. For these reasons, we have
extended our HH technique [2] to treat these processes.

The calculations are carried out considering NN and 3N interactions derived from
chiral effective field theory, and taking fully into account of the Coulomb repulsion
between the protons. From these calculations we can extract information on energies
and widths of the lowest excited states of 4He and compute several elastic and transfer
observables. The obtained results are compared with the available experimental data.
In particular we have studied the effects of the inclusion of the 3N interaction. We
have found that this has a significative impact on the observables, in particular close to
the n − 3He threshold [3]. We report also on the results of a bechmark performed for
these reactions using the HH, the Alt–Grassberger–Sandhas, and Faddeev-Yakubovsky
methods [4].

[1] A. Deltuva and A. C. Fonseca, Phys. Rev. C 76, 021001(R) (2007); R. Lazauskas,
Phys. Rev. C 79, 054007 (2009); A. Deltuva and A. C. Fonseca, Phys. Rev. C 92,
024001 (2015)

[2] A. Kievsky et al., J. Phys. G: Nucl. Part. Phys. 35, 063101 (2008)
[3] M. Viviani et al., in preparation
[4] M. Viviani, A. Kievsky, L.E. Marcucci, A. Deltuva, and R. Lazauskas, in prepa-

ration
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S-wave approach for nnp and ppn systems with phenomenological cor-
rection for singlet NN potentials

Vlahovic B. (North Carolina Central University, Durham, NC)
Suslov V.M. Filikhin I.

Three-nucleon systems are considered assuming the neutrons and protons to be dis-
tinguishable particles. The configuration space Faddeev equations within the s-wave
approach are applied to study bound state and scattering problems. The phenomeno-
logical Malfliet-Tjon MT I-III and Afnan-Tang ATS3 NN potentials are used. We
modified the potentials by scaling strength parameters to define nn, pp and np singlet
components. The scaling parameters γ are fixed to reproduce two-body experimental
scattering lengths. The relation between the scattering lengths and γ for MT I-III and
modified ATS3 potentials is shown in the figure below. The experimental values of the
singlet NN scattering lengths [1] are shown by dashed lines (pp, nn, np). We calculated
the ground state energies of 3H and 3He nuclei. Performed is also numerical evaluation
for the charge symmetry breaking energy. The relations between the nn, pp and np
singlet potentials are proposed. The nd and pd breakup scattering at Elab =4.0 and
14.1 MeV are studied within the same model. Calculations of phase shifts and inelastic-
ities as well as the breakup amplitudes are performed. We compare the results obtained
within this model and those calculated using the isospin formalism [2].

-

6

γ

aNN

pp

nn

np

MT I-III ATS3(M)
1.0 1.0310.972

[1] G.A. Miller and W.T.H. van Oers, arXiv:nucl-th/9409013
[2] V.M. Suslov and B. Vlahovic, Phys. Rev. C 69, 044003 (2004)
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Strongly interacting one-dimensional systems in a trap

Volosniev A.G. (TU Darmstadt, Darmstadt, Germany)

Strong interparticle coupling in one-dimensional geometries leads to an unusual du-
ality between impenetrable bosons and ideal fermions [1], often called the Fermi-Bose
mapping. This duality allows one to describe the strongly-interacting regime and some
modern experimental setups [2,3] in a relatively simple manner.

Here we present an extension of this mapping to systems under external confine-
ment. In particular, we show that the Fermi-Bose mapping can be used to determine
the spectral and structural properties of trapped systems. We note that the calculated
properties also characterize spin chain systems. As a consequence, strongly interact-
ing trapped systems realize Heisenberg Hamiltonians with non-homogeneous couplings.
To illustrate our findings we apply the formalism to an impurity problem, where one
distinguishable particle is immersed in a sea of identical atoms.

[1] M. Girardeau, Journal of Mathematical Physics 1, 516 (1960).
[2] B. Paredes, A. Widera, V. Murg, O. Mandel, S. Folling, I. Cirac, G. V. Shlyap-

nikov, T. W. Hansch, and I. Bloch, Nature 429, 277 (2004).
[3]. G. Zürn, F. Serwane, T. Lompe, A. N. Wenz, M. G. Ries, J. E. Bohn, and S.

Jochim, Phys. Rev. Lett. 108, 075303 (2012).
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Absence of observable Efimov resonances in ultracold KRb mixtures

Wacker L. J. (Aarhus University, Ny Munkegade 120, 8000 Aarhus C, Denmark)
Jrgensen N.B. Birkmose D. Winter N. Mikkelsen M. Sherson J. Zinner N. Arlt J.J.

The two body interaction of ultracold atoms can be changed by several orders of magni-
tude by addressing magnetic Feshbach resonances. Employing this feature they recently
became a driving force in few-body physics due to the observation of the Efimov effect.
While initially observed in equal mass systems, even richer few-body physics is expected
in the mass-imbalanced case. Previous experiments with ultracold mixtures of potas-
sium and rubidium showed an unexpected non-universal behavior of Efimov resonances
across isotope combinations. I will present our measurements of the scattering length
dependent three-body recombination coefficient in ultracold heteronuclear mixtures of
39K-87Rb and 41K-87Rb. In contrast, we do not observe any signatures of Efimov reso-
nances in either mixture. Our results show good agreement with our theoretical model
for the scattering dependent three-body recombination coefficient and reestablishes uni-
versality of the three-body parameter across isotopic mixtures.
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Study of charge symmetry breaking via the gamma-ray spectroscopy
of 4

ΛHe and 4
ΛH

Yamamoto T.O. (Tohoku University, Sendai, Japan)
J-PARC E13,E63 collaboration

The charge symmetry breaking (CSB) effect reported in the few body A=4 mirror
hypernuclei is one of the hot topics in strangeness nuclear physics. Precise gamma-ray
spectroscopy with an energy resolution of a few keV is a powerful tool to investigate
such an effect. In fact, a gamma-ray spectroscopy study of 4

ΛHe was performed at the
J-PARC K1.8 beam line (J-PARC E13) for this purpose. 4

ΛHe hypernuclei were pro-
duced by the (K−, π−) reaction with a 1.5 GeV/c kaon beam using a liquid 4He target.
Gamma rays were measured with a newly developed Ge detector array, Hyperball-J.
The excitation energy of first excited state of 4

ΛHe(1+) was successfully determined to
be 1.406±0.004 MeV. By comparing to that of the mirror hypernucleus (4ΛH) from pre-
vious old studies, we conformed the existence of CSB effect and its spin dependence.
Our next step is a more precise and conclusive measurement of the excitation energy of
4
ΛH(1+) to experimentally establish the fewest-body mirror hypernuclei system. We are
planing gamma-ray spectroscopy of 4

ΛH at the J-PARC K1.1 beam line (J-PARC E63)
via the 7Li(K−, π−) reaction.

The results of the gamma-ray spectroscopy of 4
ΛHe and an outline of the J-PARC

E63 experiment will be given in this contribution.
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Ferromagnetism of a repulsive Fermi gas: ongoing and future experi-
ments in Florence

Zaccanti M. (INO-CNR, LENS & Physcis Department, Sesto Fiorentino, Italy)
Valtolina G. Scazza F. Amico A. Burchianti A. Recati A. Enss T. Inguscio M.
Roati G.

Itinerant ferromagnetism represents one of the most spectacular manifestations of inter-
actions within many-body fermion systems. In contrast to weak-coupling phenomena, it
requires strong repulsion to develop, making a quantitative description of ferromagnetic
materials notoriously difficult. In this frame, it is still debated whether the simplest case
envisioned by Stoner of a homogeneous Fermi gas with short-range repulsive interactions
can exhibit ferromagnetism at all.

Here, I will discuss two experimental routes to tackle such an intriguing problem
with ultracold Fermi gases.

I will first describe a recent experiment in which we create an artificial ferromagnetic
state by segregating degenerate spin mixtures of 6Li atoms into two initially discon-
nected reservoirs. Starting from such a configuration, we characterize the behavior of
the gas as a function of the interspecies interactions and temperature through two dis-
tinct but interconnected measurements of spin dynamics. First, we observe the softening
of the spin-dipole mode, unambiguously connected to the diverging magnetic suscep-
tibility approaching the ferromagnetic transition. Second, we investigate the diffusion
dynamics of the two spin domains, whose temporary halt outlines the metastable char-
acter of the ferromagnetic state. Notwithstanding the limited lifetime of the repulsive
Fermi gas due to the competing pairing instability, our findings allow us to draw in
the temperature-interaction plane the critical boundaries for the ferromagnetic phase
to exist, at least in a metastable sense. Intriguingly, our findings point to the existence
of repulsive Fermi polarons, which nicely link the features of the many-body system
herein investigated to the microscopic properties of few-body fermion systems.

I will then outline the exciting possibility to realize long-lived Fermi gases at strong
repulsion offered by a novel mixture of Lithium and Chromium atoms. Indeed, the
peculiar Cr-Li mass ratio enables an extraordinary suppression of atom recombination
into paired states in the regime of strong interspecies repulsion, making such a system a
clean benchmark for the study of the para-to-ferro-magnetic phase transition in ultracold
gases.

Also in this case, I will outline how interesting many-body features of Cr-Li systems
naturally arise from the unique three-body properties of such atomic mixture
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Study of the Few Nucleon Systems at CLAS

Zachariou N. (University of Edinburgh)

The study of few nucleon systems with electromagnetic probes is an essential com-
ponent of the scientific program carried out at the Thomas Jefferson Laboratory. Here
we present measurements of exclusive reactions on light nuclei using real photon beams
with energies up to 3 GeV and the CEBAF Large Acceptance Spectrometer (CLAS), a
nearly 4π magnetic spectrometer, in order to study the properties of strongly interact-
ing matter and the transition from hadronic (i.e in terms of nucleons and mesons) to
partonic (in terms of quark and gluons) degrees of freedom in nuclear interactions. We
will discuss the progress made in understanding the relevant degrees of freedom using
polarisation observables and unpolarised cross sections of deuteron and 3He photodis-
integration in the few-GeV photon-energy region. Recent high-statistics experiments
with the CLAS detector have provided us with sufficient counting rates to study the
effects of initial- and final-state interactions in reactions off the deuteron. Such data
allow us to extract a large set of polarisation observables for final-state interactions
in hyperon photoproduction and to study the properties of the hyperon-nucleon inter-
action. Initial-state effects are studied by mapping the dependence of experimental
observables on the spectator-nucleon momentum. We will present recent results for
polarisation observables for quasi-free K+Λ off the bound proton in a deuteron as well
as for final-state interactions in the reaction γd→ K+Λn, and will discuss their impact
on hyperon-nucleon studies.
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Aarhus general information 

 

Banks 

Numerous banks are situated in the city center. Bank opening hours: Monday-Friday 
09:30-16:00, Thursday 09:30-18:00. Closed Saturdays and Sundays 

 

Currency exchange 

Forex is located close to the main train station in the city center. Address: 
Banegårdspladsen 20, 8000 Aarhus C, Phone: (+45) 86 80 03 40 Opening hours: 
Monday-Friday 09:00-18.00, Saturday 10:00-15:00 

 

Credit card / cash points 

Out of banking hours, cash points accepting major credit cards are conveniently 
located all around the city. 

 

Travel / Flights 

To search for local travel within Denmark see www.rejseplanen.dk (available in 
English).  
For information on flights in/out of Aarhus airport: www.aar.dk 
For information on fights in/out of Billund airport: www.bll.dk 

Bus times to Aarhus and Billund airports can be found at the information desk. 

 

Dining out in Aarhus 

Most restaurants in Aarhus are open from 11:30-24:00. However, hot meals are 
generally not served after 22:00. Service charges are included in the price; tipping is 
not required. 
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Shopping 

Shops in Aarhus are usually open Monday to Friday from 9:30 17:30 (Saturday 09:30 
16:00). Supermarkets and department stores are open until 20:00. On Sundays some 
shops are open. Most shops accept all major credit cards, however in some shops the 
use of a foreign credit card will add a transaction fee of 3.75% of the purchase 
amount. 

 

Voltage 

Electricity in Denmark is 220V AC. Plugs are European standard with two round 
pins. 

 

Emergency phone numbers 

Emergency phone (police, re, ambulance) (+45) 112 
Falck rescue services (+45) 70 10 20 30 
Police (+45) 87 31 14 48 
Casualty dept. of Aarhus Hospital (+45) 87 11 31 31 
Doctor, out of hours (+45) 70 11 31 31 
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