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1 Plenary Sessions



1.1 An overview of recent nucleon spin structure measurements
at Jefferson Lab

K. Allada
Thomas Jefferson National Accelerator Facility, Newport News, VA, USA

Our understanding of nucleon spin structure is still far from complete. Experiments
conducted at Jefferson Lab have made significant contributions to improve our knowledge
of the longitudinal spin structure by measuring polarized structure functions, g1 and g2,
down to Q2 = 0.02 GeV2. The low Q2 data is especially useful in testing the Chiral
Perturbation theory (ChiPT) calculations. The spin-dependent sum rules and the spin
polarizabilities, constructed from the moments of g1 and g2, provide an important tool to
study the longitudinal spin structure. We will present an overview of the experimental
program to measure these structure functions at Jefferson Lab, and present some recent
results on the neutron polarizabilities, proton g1 at low Q2, and proton and neutron d2
measurements. In addition to this, we will discuss the transverse spin structure of the
nucleon which can be accessed using chiral-odd transversity distribution (h1), and show
our results from measurements done on polarized 3He target in Hall A.



1.2 Hadronic weak interaction: The NPDGamma experiment

L. Barrón-Palos [for the NPDGamma Collaboration]
Universidad Nacional Autónoma de México, Ciudad de Mexico, Mexico

The measurement of very small parity-violating (PV) observables in few-nucleon systems,
where nuclear wave functions are calculable, is a via for understanding the hadronic weak
interaction (HWI), which remains enigmatic due to the dominance of the strong interac-
tion in hadronic systems and the non-perturbative nature of Quantum Chromodynamics
at low energies. Additionally, the study of the strangeness-conserving HWI could help
to understand phenomena that have been observed in the strangeness-changing sector
and that cannot be explained in the framework of existing theories, like the dominance
of the ∆I = 1/2 channel in the decay of kaons or the relative weak amplitudes in the
non-leptonic decay of hyperons. The strangeness-conserving HWI also offers the possi-
bility to study neutral currents at low energies, since charged currents are suppressed for
the ∆I = 1 nucleon-nucleon interactions. The ∆I = 1 channel, accessible through the
exchange of pions, dominates the strong interactions between nucleons at low energies.
The availability of very intense neutron sources has allowed the development of experi-
ments to measure PV effects in nuclear interactions between polarized slow neutrons and
light nuclei with sensitivity in the 10−8 level. A pioneer among these is the NPDGamma
experiment, which last year completed data acquisition at the Spallation Neutron Source
at the Oak Ridge Natiobal Laboratory to determine the PV asymmetry in the spatial dis-
tribution of the gamma rays emitted in the capture of polarized cold neutrons by protons,
Aγ. This asymmetry is dominated by the ∆I = 1 3S1 −

3P1 parity-odd transition in the
n− p system, therefore it is related to the weak coupling that characterizes the exchange
of one pion in the HWI, h1π. A statistical uncertainty of ∼ 1.3× 10−8 was achieved in the
determination of Aγ. I will describe the experiment and discuss preliminary results, as
well as their comparison with theoretical calculations and previous experimental results.



1.3 Unexpected chiral dynamics from lattice QCD calculations
of nuclear systems

S.R. Beane
Department of Physics, University of Washington, Seattle, WA, USA

I will review recent calculations of the properties and interactions of nuclei and hypernu-
clei from first principles using lattice QCD. Many interesting observables have now been
computed at several (unphysical) values of the quark masses and the first rudimentary
extrapolations to the physical point have been performed. The resulting picture of the
quark mass dependence of nucleon and nuclear observables is somewhat surprising from
the perspective of chiral dynamics.



1.4 Effective field theories and lattice QCD

C. Bernard
Washington University, Saint Louis, MO, USA

I describe some of the many connections between lattice QCD and effective field theories,
focusing in particular on chiral effective theory, but also touching upon Symanzik effective
theory and heavy quark effective theory. Ifirst discuss the ways in which effective theories
have enabled and supported lattice QCD calculations. Particular attention is paid to
the inclusion of discretization errors, for a variety of lattice QCD actions, into chiral
effective theory. Several other examples of the usefulness of chiral perturbation theory,
including the encoding of partial quenching and of twisted boundary conditions, are also
described. In the second part of the talk, I turn to results from lattice QCD for the
low energy constants of the two- and three-flavor chiral theories. I concentrate here on
mesonic quantities, but a few results for nucleons are also mentioned. Finally I discuss
some recent preliminary lattice QCD calculations by the MILC Collaboration relating to
the three-flavor chiral limit.



1.5 Progress on the muon anomalous magnetic moment from
lattice QCD

T. Blum
University of Connecticut, Storrs, CT, USA

Recent studies of the hadronic vacuum polarization and hadronic light-by-light scattering
contributions to the muon anomalous magnetic moment (g-2) are reviewed. Attention is
paid to systematic errors arising from finite volume and non-zero lattice spacing, among
others. The problem of disconnected quark loop diagrams is also discussed.



1.6 Kaons at CERN: The NA62 experimental program

A. Ceccucci
CERN, Geneva, Switzerland

Kaons are a laboratory where a broad physics programme can be addressed. From the
study of fundamental symmetries to the exploration of the hadron structure, from the
search for phenomena beyond the Standard Model to the comprehension of the simplest
hadronic states, many investigations profit from the remarkably clean theoretical and
experimental environment provided by kaons. NA62 is a new experiment at CERN ex-
ploiting the high energy protons from the Super Proton Synchrotron. The main goal of
NA62 is the study of very rare kaon decays and to this purpose the experiment incorporates
state-of-the-art detectors including innovative trackers, high performance calorimetry and
complete particle identification capability. The presentation will review the status of the
experiment and its perspectives.



1.7 Electric dipole moments, new physics, and QCD

V. Cirigliano
Los Alamos National Laboratory, Los Alamos, NM, USA

Electric Dipole Moments (EDMs) of leptons, nucleons, atoms, and molecules are great
probes of new sources of CP violation originating from physics beyond the Standard Model
(BSM). In this talk I will discuss the central role that QCD and chiral dynamics play in
the interpretation of current experimental searches. After an overview of the physics
reach of various EDM searches, I will briefly review the chiral effective theory framework
needed for the interpretation of hadronic and nuclear EDM searches. I will then present
recent work towards the computation of the BSM-induced neutron and proton EDM using
lattice QCD.



1.8 Dispersive treatment of the hadronic light-by-light contri-
bution to (g − 2)µ

G. Colangelo
University of Bern, Bern, Switzerland

I will describe recent progress in approaching the calculation of the hadronic light-by-light
contribution to (g− 2)µ with dispersive methods. I will first discuss general properties of
the four-point function of the electromagnetic current in QCD, its Lorentz decomposition
and dispersive representation. For what concerns the pseudoscalar pole contributions, I
will give an overview of the determination of the pseudoscalar transition form factors. I
will then consider the pion-loop contribution and discuss the recently proposed Mandel-
stam representation thereof.



1.9 Recent progress in hadron structure from Lattice QCD

M. Constantinou
University of Cyprus, Nicosia, Cyprus

Understanding hadron structure from first principles is considered a milestone of hadronic
physics and numerous experiments have been devoted to its study, starting with the
measurements of the electromagnetic form factors more than 50 years ago. Lattice QCD
(LQCD) is a powerful tool for the ab inition calculation of hadron observables that are
either well determined experimentally, or not easily accessible in experiment. Thus, LQCD
may provide input to phenomenology, as well as new input for beyond the Standard Model
Physics.
Progress in the simulation of LQCD has been impressive, mainly due to improvements
in the algorithms, development of new techniques and increase in computational power,
that have enabled simulations to be carried out at parameters very close to their physical
values. In this talk I will review developments in hadron structure with focus on recent
achievements in the evaluation of nucleon quantities, such as the axial charge, electro-
magnetic form factors, the Dirac and Pauli radii, the quark momentum fraction and the
spin content of the nucleon, in view of simulations close or at the physical value of the
pion mass. I will also highlight selected results on hyperon and meson form factors.



1.10 Compton scattering and the nucleon polarizabilities

E.J. Downie1

The George Washington University, Washington DC, USA

Polarizabilities are fundamental properties of the nucleon which can be accessed by mea-
suring the differential cross section, and singly and doubly polarized asymmetries in real
Compton scattering (RCS). Their measurement gives rise to a better understanding of
nucleon dynamics and structure. Polarizabilities play an important role in many areas of
physics: from being the largest component of the theory error in the extraction of the ra-
dius of the proton from the Lamb shift, to influencing neutron star physics. Despite their
all-pervading nature, and great theoretical interest, there is still a large uncertainty in the
nucleon scalar polarizabilities, and the nucleon spin polarizabilities had, until recently,
never been individually measured [1].
In a typical polarisability measurement such as that within the A2 experimental hall of the
MAMI accelerator, in Mainz, Germany, one needs a high flux photon beam, here provided
by tagged bremsstrahlung photon beam of the Glasgow Edinburgh Mainz Photon Tagger.
This usually impinges on a liquid hydrogen or dynamically polarized frozen spin target.
The scattered photons are detected in a large-solid-angle spectrometer, such as the NaI(Tl)
Crystal Ball detector (when 20◦ < θ < 160◦) and TAPS (when θ < 20◦) combination in
A2, or, as at HIGS and Lund, in a set of large, high resolution NaI detectors. Above
pion production threshold, a large acceptance detector system enables the suppression of
many background processes, such as π0 production.
The polarizabity measurement program relies on theory to extract the polarizabilities
from the real Compton Scattering data. In order to minimize and control the model-
dependence of the of the extraction, it is imperative to use a variety of different theory
flavors and models. It is also important to measure over as broad an energy and angular
range as possible in order to provide a strenuous test of the various theories. The small-
cross-section RCS process can be difficult to cleanly extract from the data, it is therefore
necessary to measure these RCS asymmetries at multiple laboratories with differing beam
types and detector setups. To this end, there are active RCS programs at MAX-IV in
Lund, and HIGS at TUNL in addition to MAMI.
The MAMI measurement program spans spin and scalar polarizabilities [2], with data
taken on three different asymmetries (Σ2x, Σ2z, and Σ3) in the region of the delta resonance
in order to obtain the spin polarizabilities [3]. These are the first measurements of doubly
polarized asymmetries in real Compton scattering. There has also been a measurement
of Σ3 below pion production threshold in order to extract the proton scalar electric and
magnetic polarizabilities (αE1 and βM1, respectively) independently from each other. At
HIGS, there are planned Σ2x and Σ3 measurements and the neutron measurement program
is also in progress. Al MAX-!V, the final nuclear physics measurement is planned to be
RCS on the deuteron. MAMI too is moving towards neutron measurements with planned
RCS cross section measurements on 3/4He. The theory development necessary for the
interpretation of the data is also already well underway [4].
In these times of great change and new data, we will provide an overview of the current
status of the experimental program across all three labs and the future outlook.

1This material is based upon work supported by the National Science Foundation under Grant Num-
bers PHY-1309130 & IIA-1358175.
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1.11 Status of chiral perturbation theory for light mesons

G. Ecker
University of Vienna, Vienna, Austria

I will review some recent activities in mesonic chiral perturbation theory. Our present
knowledge of low-energy constants in the strong sector up to and including next-to-next-
to-leading order will be discussed. I will also assess the present status of CKM unitarity.
Further topics are pion polarizabilities, kaon and η decays.



1.12 Meson resonances on the lattice

R.G. Edwards
Thomas Jefferson National Accelerator Facility, Newport News, Virginia, USA

There has been recent, significant, advances in the determination of the meson spectrum
of QCD. Current efforts have focused on the development and application of finite-volume
formalisms that allow for the determination of scattering amplitudes as well as resonance
behavior in coupled channel systems. I will review some of these recent developments,
and demonstrate the viability of the method in meson systems.



1.13 Muon anomalous magnetic moment and hadronic vacuum
polarization: Recent developments

S. Eidelmana,b

a Budker Institute of Nuclear Physics, Novosibirsk, Russia
b Novosibirsk State University, Novosibirsk, Russia

We discuss the current status of the theoretical prediction for the muon anomalous mag-
netic moment in Standard Model. Recent developments in estimation of hadronic vacuum
polarization are described based on measurements of e+e− → hadrons cross section in
Novosibirsk and Beijing as well as those with ISR at KLOE, BaBar and Belle. We also
briefly review expectations for experiment and theory in close future.



1.14 Nuclear chiral EFT in the precision era

E. Epelbaum
Ruhr University of Bochum, Bochum, Germany

Chiral effective field theory provides a systematically improvable perturbative approach to
deriving nuclear forces in harmony with the symmetries of QCD. Combined with modern
few- and many-body methods, this framework represents a commonly accepted procedure
for ab initio studies of nuclear structure and reactions.
Recently, a new generation of nucleon-nucleon (NN) forces up to fifth order in the chiral
expansion has been developed [1, 2]. By employing an appropriate regularization in
coordinate space, which maintains the analytic structure of the amplitude, it was possible
to significantly reduce the amount of finite-cutoff artefacts. In addition, a simple approach
to estimating the theoretical uncertainty in few- and many-nucleon calculations from the
truncation of the chiral expansion was proposed [1].
I will present the applications of the novel NN chiral potentials, along with the new
analysis of the theoretical truncation errors, to NN and nucleon-deuteron scattering and
to the properties of 2H, 3H, 4He and 6Li [1, 2, 3].
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1.15 Extracting (pion) form factors from finite volume lattices

H. Fukaya and T. Suzuki [for JLQCD collaboration]
Osaka University, Toyonaka, Osaka, Japan

In lattice QCD simulations, there is a strong tendency to over-estimate the form factors
(and therefore, under-estimate the related charge radii) of pions and other hadrons. In
fact, the three major systematic in lattice QCD: finite lattice spacing a, lack of chiral
symmetry, and finite volume all could contribute to the over-estimation of the form factors.
This can be easily understood within the chiral effective theory, as a distortion of the chiral
logarithm :

lnM2
π → ln(M2

π + δm2), (1)

where Mπ denotes the pion mass, and δm is the unphysical mass scale induced by finite
a, and/or explicit chiral symmetry breaking, and/or finite lattice size.

In this talk, we would like to focus on the finite volume effects using chiral perturbation
theory [1] and discuss how to avoid such an over-estimation of the (pion) form factors.
We also present our recent lattice results with dynamical overlap (Ref. [2] and Fig. 1)
and Möbius domain-wall fermions [3].
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Figure 1: Result for pion charge radius [2].
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1.16 Probes for fundamental QCD symmetries and a dark gauge
boson via light meson decays

L. Gan
University of North Carolina at Wilmington, Wilmington, NC, USA

Light Meson decays provide a unique laboratory to probe fundamental QCD symmetries
and to search for new physics beyond the Standard Model. A comprehensive Primakoff
experimental program at Jefferson Laboratory (Jlab) is aimed at gathering high precision
measurements on the two-photon decay widths and transition form factors at low Q2 of
π0, η and η′ via the Primakoff effect. Completed experiments on the π0 radiative decay
width at Jlab 6 GeV, and planned measurements of η and η′ at Jlab 12 GeV will provide
sensitive probes to test the chiral anomaly and to study the origin and dynamics of chiral
symmetry breaking in QCD confinement. On the other hand, a recently developed Jlab
Eta Factory (JEF) experiment will measure various η decays. The experimental approach,
which combines a state of the art PbWO4 crystal calorimeter, a 12 GeV tagged photon
beam, and recoil particle measurement, will reduce the background by almost two orders
of magnitude in the rare neutral modes compared to other competitors in the world. Re-
duction of the uncertainty on the light quark mass ratio will be achieved by increasing the
world datasets for both the charged and neutral η → 3π Dalitz distributions by a factor
of ∼ 3 while controlling systematic uncertainties with relatively flat detection efficiencies
over the phase space due to significantly boosted η’s. A low-background measurement of
the rare decay η → π0γγ will provide a clean, rare window into O(p6) in chiral pertur-
bation theory, while offering a unique opportunity to search for a dark leptophobic gauge
boson (B) in the 140-550 MeV mass range, with sensitivity to the baryonic fine structure
constant αB as low as 10−7. The SM forbidden decays, such as η → 3γ and η → 2π0γ, will
allow the best direct constraints on new C violating, P conserving reactions. A overview
of these experimental activities and their physics impacts will be presented.
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1.17 Latest results on few-body physics from HIγS

H. Gaoa,b,c

a Department of Physics, Duke University , Durham, NC, USA
b Triangle Universities Nuclear Laboratory, Durham, NC, USA
c Duke Kunshan University, Kunshan, Jiangsu, China

An important goal in modern nuclear physics is to understand how one can describe
the structure of nuclei and nuclear forces from first principles of quantum chromody-
namics (QCD), the fundamental theory describing the strong interaction. Few-nucleon
systems provide important testing grounds for state-of-the-art few-body calculations, cal-
culations based on effective field theories, and more recently predictions from lattice QCD.
As such they are important laboratories to investigate nucleon-nucleon interaction and
nuclear forces, and connect them to QCD. With the availability of high-intensity, near
monochromatic, highly (linearly or circularly) polarized gamma rays from The High In-
tensity Gamma ray Source (HIγS) facility at the Duke University Free Electron Laser
Laboratory, new few-body experiments utilizing these unique features of the beam and
polarized targets have been carried out or are underway. In this talk, I will discuss
these experiments and present latest results on few-body physics from HIγS. This work
is supported in part by the U.S. Department of Energy under Contact No. DE-FG02-
03ER41231.



1.18 Photopion physics at MAMI

D. Hornidge [for the A2 Collaboration at MAMI]
Mount Allison University, Sackville, NB, Canada

Recent measurements and future plans for photopion experiments with the CB-TAPS
detector system in the A2 hall at the Mainzer Microtron will be presented. First, a
measurement with linearly polarized photons and an unpolarized liquid-hydrogen target
will be discussed. The beam asymmetry along with differential cross sections provide
the most stringent test to date of the predictions of Chiral Perturbation Theory and its
energy region of convergence [1]. Second, a more recent measurement was performed using
both circularly polarized photons and a transversely polarized butanol frozen-spin target
to extract the polarization-dependent differential cross section associated with the target
asymmetry [2]. Results from both measurements have been used for a model independent
determination of S- and P -wave multipoles in the π0 threshold region, which includes for
the first time a direct determination of the imaginary part of the E0+ multipole. Finally,
plans for a novel π0 photoproduction measurement on 3He to obtain the elusive E0+

multipole for the neutron channel will be introduced.
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1.19 Nuclear physics from QCD on lattice

T. Inoue [for HAL QCD Collaboration]
Nihon University, College of Bioresource Sciences, Kanagawa, Japan

Explaining and predicting properties of nuclei starting from QCD is one of the most
challenging problems in physics. There are several attempts to extract mass of nuclei
in lattice QCD simulations, but direct extractions are limited only to very light nuclei,
i.e. mass number A ≤ 4, due to computation costs and, more severely, due to several
fundamental difficulties. We propose an alternative approach to study nuclei starting
from QCD. We deduce mass and structure of 4He, 16O, and 40Ca nuclei from QCD.
First, we extract two-nucleon potentials in lattice QCD numerical simulations with the
recently developed HAL QCD method, at large quark masses for the moment. Obtained
QCD induced NN potentials posses common features of phenomenological ones, namely,
strong repulsion at short distance, attraction at medium and long distance, and strong
tensor force, although their strength are weaker due to the large quark masses. Accord-
ingly, the potentials reproduce experimental two-nucleon scattering data qualitatively.
Then, we apply the potentials to few-body technique or many-body theory to study the
nuclei: a variational method for 4He and the Brückner-Hartree-Fock (BHF) theory for
16O and 40Ca. We find that these nuclei are bound for a large quark mass corresponding
to a pseudo-scalar meson mass of 469 MeV and a nucleon mass of 1161 MeV.
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Fig. 1 shows obtained ground state energy of 16O as a function of parameters used in
our BHF calculation. Fig. 2 shows obtained single particle levels of 40Ca. Total binding
energies, 5 MeV for 4He, 35 MeV for 16O, and 113 MeV for 40Ca, are rather smaller than
the experimental data, but this is primarily because of the unrealistic quark mass in our
lattice QCD simulation. This result shows that one can deduce properties of medium-
heavy nuclei from QCD as well as light ones in the HAL QCD approach. This must be
significant progress in nuclear physics.
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1.20 Pion–nucleon scattering at low energies

B. Kubis
Helmholtz-Institut für Strahlen- und Kernphysik and Bethe Center for Theoretical Physics, Uni-

versity of Bonn, Bonn, Germany

Ever since Weinberg’s seminal predictions of the pion–nucleon scattering amplitudes at
threshold, this process has been of central interest for the study of chiral dynamics in-
volving nucleons. Quantities like the scattering lengths or the pion–nucleon σ-term are
fundamental quantities characterizing the explicit breaking of chiral symmetry by means
of the light quark masses. On the other hand, pion–nucleon dynamics also strongly affects
the long-range part of nucleon–nucleon potentials, and hence has a far-reaching impact
on nuclear physics. I will review various approaches to analyze pion–nucleon scattering
in the framework of baryon chiral perturbation theory—in the heavy-baryon formalism,
or using different manifestly covariant formulations. Finally, I will discuss the fruitful
combination of dispersion-theoretical methods, in particular in the form of Roy–Steiner
equations, with chiral dynamics to determine pion–nucleon scattering amplitudes at low
energies with high precision.



1.21 Theoretical aspects of chiral dynamics

L. Leutwyler
University of Bern, Bremgarten, Switzerland

Many of the quantities of interest at the precision frontier in particle physics require a
good understanding of the low energy properties of the strong interaction. I intend to
focus on the fact that applications of effective field theory methods usually involve two
aspects: dependence on the quark masses and dependence on the momenta. On the
one hand, I will review some of the work done in dispersion theory, which led to an
improved understanding of the momentum dependence. On the other hand, some of the
results gained by means of lattice methods concerning the quark mass dependence will
be discussed. As an illustrative example, I plan to critically examine recent work on the
mass difference between proton and neutron.



1.22 QED corrections to hadronic processes in lattice QCD

V. Lubicz
Università Roma Tre, Roma, Italy

Recently, a method has been proposed for the first time to compute electromagnetic effects
in hadronic processes using lattice simulations. The method can be applied, for example,
to the leptonic and semileptonic decays of light or heavy pseudoscalar mesons. For these
quantities the presence of infrared divergences in intermediate stages of the calculation
makes the procedure more complicated than is the case for the hadronic spectrum, for
which lattice calculations already exist. In this talk, I illustrate the method for the leptonic
decays of a pseudoscalar meson. Its practical implementation, although challenging, is
within reach of the present lattice technology. Electromagnetic and isospin breaking
corrections to quark and hadron masses will be also briefly reviewed, mainly relying on
the analysis performed by the FLAG working group.
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1.23 Polarisabilities of the proton and neutron from Compton
scattering

J.A. McGovern
School of Physics and Astronomy, University of Manchester, Manchester, UK

We have recently completed a high-precision extraction of the proton spin-independent
polarisabilities from the world database of low-energy Compton scattering experiments,
within the framework of chiral effective field theory (χEFT) with pions, nucleons, and the
Delta(1232) as explicit degrees of freedom [1]. Our Baldin-sum-rule-constrained results
are [2]

αp = 10.65 ± 0.35(stat) ± 0.2(Baldin) ± 0.3(theory),

βp = 3.15 ∓ 0.35(stat) ± 0.2(Baldin) ∓ 0.3(theory).

These were obtained in the heavy-baryon formulation, but almost identical results have
been obtained in a covariant calculation [3].
With the publication this year by Myers et al. of the results of the deuteron Compton
scattering experiment using the Tagged-Photon Facility at the MAX IV Laboratory in
Lund, Sweden, the world γ-d database has doubled in size, allowing the extraction of
the isoscalar polarisabilities with unprecedented accuracy, and combined with the proton
results we obtain [4]

αn = 11.65 ± 1.25(stat) ± 0.2(Baldin) ± 0.8(theory),

βn = 3.55 ∓ 1.25(stat) ± 0.2(Baldin) ∓ 0.8(theory).

A new generation of experiments with polarised beams have been performed at the Mainz
Microtron, with the first results published this year by Martel et al. [5]. These experiments
are sensitive to the spin polarisabilities, and we will discuss the predictions of χEFT for
the relevant cross sections cross sections and asymmetries.
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1.24 Inclusion of isospin breaking effects in lattice simulations

A. Portelli
University of Southampton, Southampton, UK

Isospin symmetry is explicitly broken in the Standard Model by the mass and electric
charge of the up and down quarks. These effects represent a perturbation of hadronic
amplitudes at the percent level. Although these contributions are small, they play a crucial
role in hadronic and nuclear physics. Moreover, as lattice computations are becoming
increasingly precise, it is becoming more and more important to include these effects in
numerical simulations. We summarize here how to properly define QCD and QED on
a finite and discrete space-time so that isospin corrections to hadronic observables can
be computed ab-initio and we review the main results on the isospin corrections to the
hadron spectrum. We mainly focus on the recent work going beyond the electro-quenched
approximation.



1.25 How well does the chiral expansion converge in nuclear and
neutron matter?

F. Sammarrucaa, L. Coraggiob, J.W. Holtc, N. Itacob,d, R. Machleidta, and L.E. Marcuccie,f
a University of Idaho, Moscow, ID, USA
b INFN–Naples, Naples, Italy
c University of Washington, Seattle, WA, USA
d University of Naples, Naples, Italy
e INFN–Pisa, Pisa, Italy
f University of Pisa, Pisa, Italy

The equations of state of nuclear and neutron matter (and, more generally, neutron-
rich matter) play a fundamental role towards the understanding of a broad spectrum of
systems, ranging from the skins of neutron-rich nuclei to the structure of compact stars.
After a brief introduction on different approaches to the properties of nuclear/neutron
matter, we will focus on error quantification in effective field theory. The various sources
of uncertainty and their impact in infinite matter will be explored.
We will report on recent calculations of the nuclear and neutron matter equations of
state [1] at different orders of the chiral expansion as well as changing resolution scale.
We will discuss the significance of such predictions as a foundation for future studies of
convergence of the chiral perturbation series.
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1.26 Pion photo- and electroproduction and the chiral MAID
interface

M. Hilt, S. Scherer, and L. Tiator
Institut für Kernphysik, Johannes Gutenberg University of Mainz, Mainz, Germany

We discuss the extended on-mass-shell scheme for manifestly Lorentz-invariant baryon
chiral perturbation theory. We present a calculation of pion photo- and electroproduction
up to and including order q4 . The low-energy constants have been fixed by fitting
experimental data in all available reaction channels. Our results can be accessed via a web
interface, the so-called chiral MAID (http://www.kph.uni-mainz.de/MAID/chiralmaid,
see Fig. 1. We explain how our program works and how it can be used for further
analysis.

Figure 1: Chiral MAID interface
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1.27 Studies of light nuclei in χEFT: A status report

R. Schiavilla
Thomas Jefferson National Accelerator Facility, Newport News, VA, USA

A status report on χEFT studies of light-nuclei electro-weak structure and dynamics is
provided, including electromagnetic elastic form factors of few-nucleon systems, magnetic
moments and M1 radiative widths in A = 6–10 nuclei, the pp weak fusion and muon
weak captures on deuteron and 3He, and a number of parity-violating processes induced
by hadronic weak interactions.
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2.1 *Leading Talk* Chiral methods at the electroweak scale

O. Cata
Ludwig Maximilian University, Munich, Germany

After the discovery of the Higgs particle at the LHC in its first run, one of the priorities
of the second run will be to ascertain its nature and understand the dynamics that trigger
the breaking of electroweak symmetry. However, in order to search for deviations from
a standard Higgs one needs a framework that goes beyond the Standard Model. In this
talk I will discuss in which way techniques borrowed from chiral dynamics can be used to
provide such a general framework and will point out which processes are most sensitive
to nonstandard Higgs signatures.



2.2 *Leading Talk* η and η′ physics at BESIII

S. Fang
Institute of High Energy Physics, Beijing, China

The BESIII Experiment at the Beijing Electron Positron Collider (BEPCII) has accu-
mulated the world’s largest samples of e+e− collisions in the tau-charm region. From a
sample of 1.3 billions J/ψ decays, BESIII has produced many new results in the decays
of η and η′. This talk will review the current status of these analyses, especially on the
Dalitz plot of η/η′, observations of η′ → 4π, γγπ0 and γe+e−.



2.3 *Leading Talk* Exploratory lattice QCD study of the rare
kaon decay K+ → π+νν̄

N.H. Christa, X. Fenga, A. Jüttnerb, A. Lawsonb, A. Portellib, and C.T. Sachrajdab

a Physics Department, Columbia University, New York, NY 10027, USA
b School of Physics and Astronomy, University of Southampton, Southampton, UK

The rare kaon decays, K → πνν̄, have attracted increasing interest during the past few
decades. As flavor changing neutral current processes, these decays are highly suppressed
in the standard model and thus provide ideal probes for the observation of new physics
effects.
As second-order weak interactions, the ultra-rare decays K → πνν̄ represent a significant
challenge in experiments. After 40 years search, only 7 K+ → π+νν̄ events have been
collected in BNL E787 and E949 by 2008 [1]. A new generation of experiment, NA62 in
CERN [2], aims at an observation of O(100) events and a 10%-precision measurement of
the branching ratio in two years.
The standard model predictions of K → πνν̄ branching ratios are dominated by short-
distance contributions. The long-distance contributions below the energy scale of the
charm quark mass are safely neglected in KL → π0νν̄ and are expected to be small in
K+ → π+νν̄. Although small, the long-distance contributions estimated from a phe-
nomenological ansatz involving both chiral perturbation theory and operator production
expansion enhance the branching ratio by 6%[3]. Recognizing that the standard model
predictions will soon be confronted with new experimental results, a lattice QCD calcu-
lation of the long-distance contribution to K+ → π+νν̄ is important.
In this talk I will present an exploratory calculation of the long-distance contributions to
the K+ → π+νν̄ decay amplitude from first principles using lattice QCD.
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2.4 *Leading Talk* K → ππ decays and the ∆I = 1/2 rule

N. Garron
Plymouth University, Plymouth, UK

CP violation was discovered in Kaon decays 50 years ago but still remains a challenge for
theorists. A complete theoretical description will be a crucial test for the Standard Model
and will provide us with a rich source of information on new physics theories. In the past
recent years, realistic computations of A2, the amplitude of K → (ππ)(I=2), have become
possible and reached a level of 10% accuracy. I will explain how this computation has
become possible and will report on the other channel, much more challenging, in which
the two-pion state has isospin I = 0. I will also report on a possible explanation for the
Delta I = 1/2 rule, the fact the magnitude of the amplitude A0 is around 20 times larger
than the one of A2, although a naive computation only gives a factor of 2.



2.5 *Leading Talk* Form factor in V Pγ∗ transitions and study
of the η → π+π−π0 Dalitz plot at KLOE

S. Giovannella
INFN–Laboratorio Nazionale di Frascati, Frascati, Italy

The KLOE experiment has collected 2.5 fb−1 at the peak of the φ resonance at the e+e−

collider DAPHNE in Frascati.
The V → Pγ Dalitz decays, associated to internal conversion of the photon into a lepton
pair, are not well described by the Vector Meson Dominance (VMD) models, as in the case
of the process ω → π0µ+µ−, measured by the NA60 collaboration. The only existing data
on φ → ηe+e− come from the SND experiment, which has measured the Mee invariant
mass distribution on the basis of 213 events. At KLOE, a detailed study of this decay
has been performed using η → π0π0π0 final state. We obtain the measurement of the
branching fraction for the process φ → ηe+e−, with an accuracy improved by a factor
of five with respect to the previous most precise measurement, and the transition form
factor, which is in agreement with VMD expectations. We have also studied the decay
φ → π0e+e−, where no data are available on transition form factor. Dedicated analysis
cuts strongly reduce the main background component of Bhabha events to ∼20%, leading
to ∼4000 signal events in the whole KLOE data set.
We have also obtained a new, precise results on the isospin-violating decay η → π+π−π0,
sensitive to the light-quark mass ratio. This study, overcoming in precision previous re-
sults published by KLOE in 2008, was suggested by the theoretical work: Leutwyler,
Mod. Phys. Lett. A 28 1360014 (2013), aiming to a better determination of the light-
quark mass ratio through the dispersive analysis of the η → 3π decay. The new analysis,
performed with an independent and larger data set (1.7 fb−1) and a new analysis scheme
and improved Monte Carlo simulation, determines with very good accuracy the parame-
ters of the decay matrix element.



2.6 Constraints on the ωπ form factor from analyticity and uni-
tarity

B. Ananthanarayana, I. Caprinib, and B. Kubisc
a Indian Institute of Science, Bengaluru, India
b Horia Hulubei National Institute of Physics and Nuclear Engineering, Bucharest, Romania
c University of Bonn, Bonn, Germany

Motivated by the discrepancies noted recently between the theoretical calculations of the
electromagnetic ωπ form factor and certain experimental data, we investigate this form
factor using analyticity and unitarity in a framework known as the method of unitarity
bounds. We use a QCD correlator computed on the spacelike axis by operator product
expansion and perturbative QCD as input, and exploit unitarity and the positivity of
its spectral function, including the two-pion contribution that can be reliably calculated
using high-precision data on the pion form factor. From this information, we derive
upper and lower bounds on the modulus of the ωπ form factor in the elastic region. The
results provide a significant check on those obtained with standard dispersion relations,
confirming the existence of a disagreement with experimental data in the region around
0.6 GeV.



2.7 Axial U(1) symmetry in the chiral symmetric phase of 2-
flavor QCD at finite temperature

S. Aoki
Yukawa Institute for Theoretical Physics, Kyoto University, Kyoto, Japan

We discuss the fate of the axial U(1) symmetry in 2-flavor QCD, when the non-singlet
chiral symmetries are recovered at finite temperature. We theoretically investigate the
constraints on the eigenvalue density of the Dirac operator, derived from the non-singlet
chiral symmetries among various multi-point correlation functions in the chiral limit.
We show that the axial U(1) symmetry, broken by the anomaly at low temperature, is
“effectively” recovered in the chiral symmetric phases of 2-flavor QCD above the critical
temperature. Here the effective recovery of the axial U(1) symmetry means, for example,
that the susceptibility of non-singlet (π) and singlet (η) pseudo-scalar mesons become
identical in the symmetric phase, which implies that the axial U(1) anomaly is invisible
in these channels. We next consider recent numerical investigations on the axial U(1)
symmetry in 2-flavor lattice QCD with exact lattice chiral symmetry, which is shown
to be crucial for this problem. Numerical results in these study confirm our theoretical
expectation mentioned above. We finally discuss an implication of our results to the phase
structure of lattice QCD at finite temperature.



2.8 The π0 → γγ∗ decay rate and form factor

A. Bernstein
Massachusetts Institute of Technology, Cambridge, MA, USA

The π0 → γγ decay rate is dominated by the QCD axial anomaly that is increased by
≃ 4.5%±1.0% by the mixing of the π0 wave function with the η, η

′

mesons. This relatively
large isospin breaking effect is proportional to the mass difference of the up and down
quarks. It has been calculated in Chiral Perturbation Theory (ChPT) by three slightly
different methods with good agreement between them. This is a solid QCD prediction; the
error is due to the uncertainty due to our knowledge of the low energy constants of ChPT
and not by higher order terms.The accuracy of the present experiments are significantly
less than the theoretical prediction and represents a significant experimental challenge.
A summary of the three three experimental methods to perform this measurement and
current efforts to improve them will be briefly reviewed with emphasis on one by the
COMPASS collaboration at CERN.
For the π0 → γγ∗ decay the form factor can be written as F (Q2) = F (0)(1− < r2 >π0

Q2/6+ ...) at low Q2. This suggests a possible way to measure the size(“anomaly radius”)
of the π0 meson which does not have a charge or magnetic radius. Using the latest, most
accurate, calculated value of the slope parameter obtained from a dispersive analysis of
the pion transition form factor, this RMS radius is 5% smaller than the π± electric radius.
Using vector dominance these radii are expected to be equal. However this similarity, and
the difference between these values, calls for a careful theoretical and experimental exam-
ination of this fundamental quantity. Clearly the charge and “anomaly” radii correspond
to the expectation values of different operations. A comparison of the scalar and electro-
magnetic radii of the pion and proton with some interesting (puzzling?) differences will
be presented.



2.9 Combined analysis of the decays τ− → KSπ
−ντ and τ− →

K−ηντ

R. Escribano
Autonomous University of Barcelona, Barcelona, Spain

In a combined study of the decay spectra of τ− → KSπ
−ντ and τ− → K−ηντ decays

within a dispersive representation of the required form factors, we illustrate how the
K∗(1410) resonance parameters, defined through the pole position in the complex plane,
can be extracted with improved precision as compared to previous studies. While we
obtain a substantial improvement in the mass, the uncertainty in the width is only slightly
reduced, with the findings M(K∗′) = 1304±17 MeV and Γ(K∗′) = 171±62 MeV. Further
constraints on the width could result from updated analyses of the Kπ and/or Kη spectra
using the full Belle-I data sample. Prospects for Belle-II are also discussed. As the K−π0

vector form factor enters the description of the decay τ− → K−ηντ , we are in a position to
investigate isospin violations in its parameters like the form factor slopes. In this respect
also making available the spectrum of the transition τ− → K−π0ντ would be extremely
useful, as it would allow to study those isospin violations with much higher precision.



2.10 Precision measurement of the neutral pion radiative decay
width at Jefferson Lab

A. Gasparian
North Carolina A&T State University, Greensboro, NC, USA

The neutral pion is the lightest strongly interacting particle in Nature. Therefore, the
properties of π0 decay are especially sensitive to the underlying fundamental symmetries
of quantum chromodynamics (QCD). In particular, the π0 → γγ decay width is primarily
defined by the spontaneous chiral symmetry breaking effect (chiral anomaly) in QCD.
Theoretical activities in this domain over the past several years have resulted in a high
precision (1% level) prediction for the π0 → γγ decay width. The PrimEx collaboration at
Jefferson Lab has developed and performed two new experiments to measure the π0 → γγ
decay width with high precision using the Primakoff effect. The published result from
the first experiment (PrimEx-I), Γ(π0 → γγ) = 7.82 ± 0.14 (stat.) ± 0.17 (syst.) eV, is
a factor of 2.1 more precise than the currently accepted value, and it is in agreement
with the chiral anomaly prediction. The second experiment (PrimEx-II) was performed
in 2010 with a goal of 1.4% total uncertainty to address the next-to-leading-order chiral
perturbation theory calculations. The preliminary results from the PrimEx-II experiment
will be presented in this talk.



2.11 Low-energy constants from ALEPH hadronic tau decay
data

M. Goltermana, S. Perisb, K. Maltmanc, R. Lewisc, D. Boitod, A. Francisc, and J. Hudspithc

a San Francisco State University, San Francisco, CA, USA
b Autonomous University of Barcelona, Barcelona, Spain
c York University, Toronto, Canada
d University of Sao Paulo, Sao Paolo, SP, Brazil

We determined the NLO chiral low-energy constant L10, and various combinations of
NNLO chiral low-energy constants employing recently revised ALEPH results for the
non-strange vector (V) and axial-vector (A) hadronic tau decay distributions and recently
updated RBC/UKQCD lattice data for the non-strange V-A two-point function. In this
talk, we explain the ingredients of this determination. Our errors are at or below the level
expected for contributions of yet higher order in the chiral expansion, and we therefore
believe that our analysis exhausts the possibilities of what can be meaningfully achieved
in an NNLO analysis.



2.12 From OPE to chiral perturbation theory in holographic
QCD

D. Greynat, G. D’Ambrosio, and L. Cappiello
INFN–Napoli, Napoli, Italy

We will show how it is possible to implement a chiral symmetry breaking mechanism in
soft-wall model of holographic QCD. We show also that it is possible to reproduce the
exact Operator Product Expansion and the Regge spectra of the vector-vector and axial-
axial correlators in the Large Nc limit. This method provides a nice way to perform the
analytic continuation of the OPE and to predict the chiral constants: Fπ and L10.



2.13 K-π scattering lengths from lattice QCD

P. Boylea, T. Janowskib, A. Jüttnerb, and C. T. Sachrajdab

a University of Edinburgh, Edinburgh, UK
b University of Southampton, Southampton, UK

We present the recent lattice QCD calculation of K-π I=3/2 and I=1/2 scattering lengths
by the RBC-UKQCD collaboration. Our calculation is the first lattice calculation of
these quantities performed using physical point ensembles [1]. This allows us to bypass
the error due to chiral extraploation, which in current calculations is the dominant source
of systematic errors [2, 3, 4, 5]. Preliminary results are presented and compared to those
from earlier studies which were obtained at heavier pion masses and extrapolated to the
physical point.
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2.14 π0: The lightest hadron

K. Kampf
Charles University, Prague, Czech Republic

In this talk I will present basic properties of the lightest meson, π0. I will discuss its decay
modes, mainly two photon decay, Dalitz decay and e+e− production and focus on its
recent theoretical and experimental studies. Connection with the theoretical calculation
of the hadronic light-by-light scattering contribution in the g− 2 type experiment will be
outlined.



2.15 Bl4 decays and the extraction of |Vub|

X.-W. Kanga, B. Kubisb, C. Hanharta, and Ulf-G. Meissnera,b
a Institute for Advanced Simulation, Jülich Center for Hadron Physics, and Institut für Kern-

physik, Forschungszentrum Jülich, Jülich, Germany
b Helmholtz-Institut für Strahlen- und Kernphysik and Bethe Center for Theoretical Physics,

Universität Bonn, D-53115 Bonn, Germany

The Cabibbo-Kobayashi-Maskawa matrix element |Vub| is not well determined yet. It
can be extracted from both inclusive or exclusive decays, like B → ρ(π)lν̄l. However,
the exclusive determination from B → ρlν̄l, in particular, suffers from a large model
dependence. In this talk, I will elaborate our proposal [1]: extracting |Vub| from the four-
body semileptonic decay B → ππlν̄l, where the form factors for the pion-pion system
are treated in dispersion theory. This is a model-independent approach that takes into
account the ππ rescattering effects, as well as the effect of the ρ meson. We demonstrate
that both finite-width effects of the ρ meson as well as scalar ππ contributions can be
considered completely in this way.
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2.16 Isospin breaking effects in the K+
e4 decays

M. Knecht
CNRS/CPT Marseille, Marseille, France

The very precise data obtained by the NA48/2 collaboration at the CERN SPS on the

decay channels K± → π+π−e±
(−)

νe and K± → π0π0e±
(−)

νe have made it necessary to
address issues related to isospin breaking. Three aspects related to this issue will be
considered: isospin breaking due to the pion mass difference in the phases of the form

factors for the K± → π+π−e±
(−)

νe decay amplitude, the cusp in the decay distribution of

the K± → π0π0e±
(−)

νe mode, and radiative corrections.



2.17 Extraction of low energy QCD parameters from η to 3π
and beyond

M. Kolesár and J. Novotny
Charles University, Prague, Czech Republic

The η to 3π decays are a valuable source of information on low energy QCD. Yet they were
not used for an extraction of the three flavor chiral symmetry breaking order parameters
until now. We use a bayesian approach in the framework of resummed chiral perturbation
theory to extract information on the quark condensate and pseudoscalar decay constant
in the chiral limit, as well as the mass difference of the light quarks. We compare our
results with recent CHPT and lattice QCD fits and find some tension, as the η to 3π
data seem to prefer a larger ratio of the chiral order parameters. The results also seem
to exclude a large value of the chiral decay constant, which was found by some recent
works. In addition, we present preliminary results of a combined analysis including η to
3π decays and π − π scattering.



2.18 η − η′ mixing in Large-Nc ChPT: Discussion, phenomenol-
ogy, and prospects

P. Bickert, P. Masjuan, and S. Scherer
PRISMA Cluster of Excellence, Institut für Kernphysik, Johannes Gutenberg-Universität Mainz,

D-55099 Mainz, Germany

A detailed and systematic study of the η− η′ mixing in Large-Nc ChPT will be presented
[1], with special emphasis on the role of the next-to-next-to-leading order contributions
in the combined p2 and Nc expansion. At such order, loop corrections as well as OZI-
violating pieces are relevant for an appropriate and stable numerical result for the mixing
angle. Pseudoscalar masses as well as pseudoscalar decay constants within this framework
will be also presented. Comparison with recent phenomenological approaches [2] together
with the impact of the mixing in η(

′) → γγ and η(
′) → ππγ decays will also be discussed.
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2.19 a0–f0 mixing in the Khuri-Treiman equations for η → 3π

B. Moussallam
IPN–Université Paris-Sud, Orsay, France

The isospin violating η → 3π decays are expected to provide the best observables for the
determination of the u − d quark mass difference. However, using the chiral expansion
of the η → 3π amplitude in the physical region has proved problematic, as it fails to
reproduce the recent precise measurements of the Dalitz plot parameters. In order to
circumvent this problem, it was proposed to combine the chiral expansion, used in an
unphysical region, together with the dispersive formalism of Khuri and Treiman. We
discuss here the possibility of extending this formalism, which so far accounts for only
elastic π−π rescattering, in order to further account for the effects of both inelastic π−π
rescattering and η − π rescattering. In the 1 GeV region of the dispersive integrands, in
particular, these effects are enhanced by the f0 as well as the a0 resonances. The effect
of the isospin violating K+ −K0 mass difference, influenced by these resonances, is then
also accounted for in the dispersive integrals.



2.20 Studies of the decay K+ → π+π0e+e− at NA48

J. Pinzino [for the NA48 Collaboration]
INFN–Pisa, Pisa, Italy

We report the first observation of the very rare decay K± → π±π0e+e− by the NA48/2
experiment. From a clean sample of almost 2000 reconstructed signal events, we have
determined the branching fraction with high precision and measured the e+e− invariant
mass distribution, which allows to differentiate between different decay models.



2.21 Masses, decay constants and electromagnetic form-factors
with twisted boundary conditions

J. Relefors and J. Bijnens
Lund University, Lund, Sweden

The talk will describe the recent work at one-loop Chiral perturbation Theory with twisted
boundary conditions [1]. We point out that due to the broken Lorentz and reflection
symmetry a number of new terms show up in the expressions. The pseudo-scalar octet
masses, axial-vector and pseudo-scalar decay constants and electromagnetic form-factors
will be discussed explicitly. We show how the Ward identities are satisfied using the
momentum dependent masses and the non-zero vacuum-expectation-values values for the
electromagnetic (vector) currents. A short discussion of the needed one-loop twisted finite
volume integrals as well as the the ongoing work for the Kℓ3 form factors will be included
[2].
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2.22 The meson spectroscopy program with CLAS12 at Jeffer-
son Laboratory

A. Rizzo [for the CLAS collaboration]
Università degli Studi di Roma Tor Vergata and INFN–Tor Vergata, Rome, Italy

The study of the hadronic spectrum is one of the most powerful tools to investigate the
mechanism at the basis of quark confinement within hadrons. A precise determination of
the spectrum allows not only to asses the properties of the hadrons in their fundamental
and excited states, but also to investigate the existence of states resulting from alternative
configurations of quarks and gluons, such as the glue-balls, hybrid mesons and many-
quarks models.
The mesonic part of the spectrum can play a central role in this investigation because se-
veral of the hybrid mesons are supposed to have different quantum numbers with respect
to standard qq̄ states, due to the presence of explicit gluonic degrees of freedom.
The hybrid mesons are expected to decay into multi-particles final states [1], requiring
high performances in terms of rate capability, resolution and acceptance for their de-
tection. New-generation experiments are planned at Jefferson Laboratory (JLAB) for
which an unprecedented statistics of events with fully reconstructed kinematics for large
multiplicity decays will be available.
A wide scientific program that will start in 2016 has been deployed for meson spectrum
investigation with the CLAS12 apparatus in Hall B at energies up to 11 GeV.
A key role in such program is played by the Forward Tagger [2], which will allow to extend
the study of meson electro-production to very low Q2, in a quasi-real photo production
kinematical region, where the production of hybrid mesons is expected to be favorite.
The analysis required to extract the signal from hybrid states should go beyond the stan-
dard Partial Wave analysis techniques and a new analysis framework is being set up
through the Haspect Network. The Haspect Network gather people involved into theo-
retical and experimental hadronic physics all over the world, to investigate and propose
new analysis models (such as the Szczepaniak-Pennington model [3]) and new statistical
techniques to unfold signal and background. The new analysis framework is being tested
using the existing CLAS data and results are projected to the CLAS12 performances,
showing that the quest for hybrid exotic mesons is at reach.
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2.23 Chiral dynamics in the low-temperature phase of QCD

D. Robainaa, A. Francisb, H.B. Meyera, and B. Brandtc
a Institute of Nuclear Physics, Mainz, Germany
b University of Toronto, Toronto, Canada

c University of Regensburg, Regensburg, Germany

We investigate the low-temperature phase of strongly interacting matter and the crossover
region with two light flavors of quarks in Lattice QCD. Based on Chiral Ward Identities we
test the applicability of a fixed-temperature chiral expansion given that chiral symmetry
is spontaneously broken. It indicates that a sharp real-time excitation persists with the
quantum numbers of the pion consistently with Goldstone’s theorem even at T = 150
MeV. We determine the real part of the pole and its residue in the axial-charge density
correlator at zero and finite momentum. The time-dependent correlators are also analyzed
using the Maximum Entropy method and the Backus-Gilbert method yielding consistent
results. In addition, we also test the predictions of ordinary chiral perturbation theory
around the point (T = 0,m = 0) for the temperature dependence of static observables.
Around the crossover region, we find that all quantities considered depend only mildly on
the quark mass in the range 8MeV ≤ mMS ≤ 15MeV.



2.24 Resonances in the electroweak chiral Lagrangian

I. Rosella, A. Pichb, J.J. Sanz-Cilleroc, and J. Santosb
a Universidad CEU Cardenal Herrera, Alfara del Patriarca (Valencia), Spain
b Valencia University & IFIC, Valencia, Spain –CHECK
c Universidad Autónoma de Madrid, Madrid, Spain

We study strongly coupled models of electroweak symmetry breaking with a light Higgs
boson. We use a resonance effective Lagrangian with bosonic massive resonances to-
gether with the Standard Model degrees of freedom, including a light Higgs. We consider
constraints from the phenomenology and from the assumed high-energy behavior of the
underlying theory. This resonance effective theory can be used to estimate the low-energy
constants (LECs) of the Electroweak Effective Theory (Electroweak Chiral Lagrangian)
in terms of resonance parameters and to make predictions of low-energy observables like,
for instance, the oblique parameters. Note that the theoretical framework is completely
analogous to the Resonance Chiral Theory description of QCD at GeV energies.



2.25 Finite volume for masses and decay constants

T. Rössler and J. Bijnens
Lund University, Lund, Sweden

The talk will cover the recent progress in Chiral Perturbation Theory at two-loop order
in finite volume. The techniques used in the two-loop finite volume integrals [1] will be
described shortly and afterwards applications to masses and decay constants both for the
standard case in two and three flavours [2] and partially quenched for three sea quark
flavours [3] will be discussed.
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2.26 Pseudoscalar decays into lepton pairs from rational ap-
proximants

P. Sanchez-Puertasa,b and P. Masjuana,b

aInstitut für Kernphysik, Johannes Gutenberg University of Mainz, Mainz, Germany
bPRISMA Cluster of Excellence, Johannes Gutenberg-University of Mainz, Mainz, Germany

Pseudoscalar-meson decays (π0, η, η′) into lepton pairs (e+e−, µ+µ−) are unique in its kind
as they probe the neutral pseudoscalar meson structure in the whole energy-range. This
structure, which is encoded in the doubly virtual transition form factor (TFF) governing
their interactions with two photons, needs a complete energy description.

In this work, we identify the relevant energy regimes related to this processes and propose
the use of rational approximants for describing the TFF, emphasizing the correct low-
energy description and high-energy implementation. Motivated by the range spanned by
the pseudoscalar masses, we will discuss the use of different rational approximants: Padé
approximants, which have been successfully used in the past [1, 2], its necessary exten-
sion to their bivariate version (Canterbury approximants) [3], and, as a novel approach,
Quadratic approximants [4], which are very interesting, specially, for the η′ case. Finally,
we calculate the branching ratios for the different processes and estimate the different
uncertainties, highlighting possible future experiments that may improve our description.
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2.27 Study of two and three meson tau lepton decay modes with
Monte Carlo generator TAUOLA

O. Shekhovtsova
Instytut Fizyki Jadrowej & Polskiej Akademii Nauk, Cracow, Poland

TAUOLA is a Monte Carlo generator dedicated to generating tau-lepton decays and it is
used in the analysis of experimental data both at B-factories and LHC. TAUOLA is a long
term project that started in the 90’s and has been under development up to now. In the
last years substantial progress for the simulation of the process: τ → 3πντ was achieved.
It is related with a new parametrization of the corresponding hadronic current based on
the Resonance Chiral Lagrangian (RChL) and with the recent availability of the unfolded
distributions from BaBar analysis for all invariant hadronic masses. The choice of this
channel was motivated by its relatively large branching ratio and the already non-trivial
dynamics of three-pion final state. A set of the hadronic currents within RChL for other
final states with two and three pseudoscalars is also installed in TAUOLA.
In this talk we review our results on the three-pion decay mode as well present a new
fitting framework. It allows to perform fits for an arbitrary tau decay mode, using either
Fortran or C++ code. Using the new framework the theoretical model parameters are
fitted to the one-dimensional distributions provided by the BaBar Collaboration, in the
case of the three meson decay modes, and to the Belle data, for the two pion form factor.
The results of the fit are discussed. Based on the obtained results the pole mass of the
involved resonances are estimated.



2.28 A dispersive treatment of Kℓ4 decays

G. Colangeloa, E. Passemarb,c,d, and P. Stoffere
aAlbert Einstein Center for Fundamental Physics, ITP University of Bern, Switzerland
bDepartment of Physics, Indiana University, Bloomington, IN, USA
cCenter for Exploration of Energy and Matter, Indiana University, Bloomington, IN, USA
dTheory Center, Thomas Jefferson National Accelerator Facility, Newport News, VA, USA
eHISKP (Theory) and Bethe Center for Theoretical Physics, University of Bonn, Germany

Kℓ4 decays have several features of interest: they allow an accurate measurement of ππ-
scattering lengths; the decay is the best source for the determination of some low-energy
constants of chiral perturbation theory (χPT); one form factor of the decay is connected
to the chiral anomaly.
We present the final results of our dispersive analysis of Kℓ4 decays, which provides
a resummation of ππ- and Kπ-rescattering effects [1, 2]. The free parameters of the
dispersion relation are fitted to the data of the high-statistics experiments E865 [3, 4]
and NA48/2 [5, 6]. The data input is corrected for additional isospin-breaking effects,
which were not taken into account in the experimental analyses [7]. By matching to χPT
at NLO and NNLO, we determine the low-energy constants Lr

1, L
r
2 and Lr

3. Recently
published data [6] from NA48/2 allow even a determination of Lr

9.
In contrast to a pure chiral treatment, the dispersion relation describes the observed
curvature of one of the Kℓ4 form factors, which we understand as an effect of rescattering
beyond NNLO.
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2.29 Dispersion relation for hadronic light-by-light scattering
and the muon g − 2

G. Colangeloa, M. Hoferichterb,c, M. Procurad, and P. Stoffere
aAlbert Einstein Center for Fundamental Physics, ITP University of Bern, Switzerland
bInstitut für Kernphysik, TU Darmstadt, Germany
cEMMI, GSI Helmholtzzentrum für Schwerionenforschung GmbH, Darmstadt, Germany
dFakultät für Physik, Universität Wien, Austria
eHISKP (Theory) and Bethe Center for Theoretical Physics, University of Bonn, Germany

The anomalous magnetic moment of the muon (g−2)µ has been measured and computed
to very high precision of about 0.5 ppm. For more than a decade, a discrepancy has
persisted between experiment and Standard Model prediction, now of about 3σ. The
main uncertainty of the theory prediction is due to strong interaction effects. With the
expected improvement of the input for hadronic vacuum polarisation, in a few years the
subleading hadronic light-by-light (HLbL) contribution will dominate the theory error.
While some constraints from QCD exist, the calculation of the HLbL contribution to the
(g − 2)µ is plagued by a substantial model dependence. In this talk, I will present a
dispersive approach to HLbL scattering, based on the fundamental principles of unitarity
and analyticity [1]. We have derived a Lorentz decomposition of the HLbL tensor that is
fully gauge-invariant and crossing symmetric [2, 3]. The scalar coefficient functions of this
tensor decomposition are free of kinematic singularities and zeros and fulfil Mandelstam’s
double-dispersive representation. The dispersive formalism defines unambiguously and in
a model-independent way both the pion-pole and the pion-loop contribution. Two-pion
rescattering effects are included in a partial-wave picture. Our dispersive formalism shows
a path towards a data-driven determination of the HLbL contribution to the (g− 2)µ [4].
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2.30 Studies of the Ke4 decay at NA48

M. Zamkovsky [for the NA48 Collaboration]
Charles University, Prague, Czech Republic

The NA48/2 experiment has recently published a detailed study of the Ke4 decay mode
K → π0π0eν based on 65000 candidates with a low 1% background contamination. The
achieved experimental precision brings evidence for isospin breaking mass effects and final
state ππ scattering. Theoretical calculations will have to face a new precision challenge
when using such improved inputs to extract for example low energy constants of Chiral
Perturbation Theory.



3 Hadron structure and meson-baryon interaction work-

ing group



3.1 *Leading Talk* Leading logarithms for mesons and nucleons

J. Bijnens and A. A. Vladimirov
Lund University, Lund, Sweden

The talk will give an overview of the work done recently in calculating leading logarithms
to high order and the underlying methods used. The method used [1, 2] will be done
and an over view of applications which have been done to very high order in the massless
case and up to seven loops in the massive case [3, 4, 5]. The talk will concentrate mainly
on the new aspects needed for the nucleon sector where we can also obtain subleading
logarithms in some cases. We also present some numerical results [5].
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3.2 *Leading Talk* Review of the proton size puzzle

C. Carlson
College of William and Mary, Williamsburg, VA, USA

The proton charge radius puzzle exists because the proton charge radius appears different
when measured with electrons than when measured with muons. “Ordinary” explanations
include problems with the extrapolations or theoretical corrections involved in the mea-
surements, and “exotic” explanations include such beyond the standard model ideas as a
breakdown of electron-muon universality. We will discuss possibilities in both categories.



3.3 *Leading Talk* Compton scattering and nucleon polaris-
abilities in Chiral EFT: The next steps

H. W. Grießhammer
Institute for Nuclear Studies, George Washington University, Washington DC, USA

Compton scattering from protons and neutrons probes the two-photon response of the
nucleon in electric and magnetic fields at fixed photon frequency and multipolarity [1]. It
provides detailed tests of the symmetries and strengths of the interactions of the nucleonic
constituents with each other and with photons. Proton-neutron differences explore the in-
terplay between chiral symmetry breaking and short-distance Physics. At low energies, the
process is parametrised by six energy-dependent dipole polarisabilities. For convenience,
the information is however often compressed into the two scalar dipole polarisabilities
αE1 and βM1 at the static point. In combination with emerging lattice QCD determina-
tions, they provide stringent tests for our theoretical description of hadron structure. A
plenary talk by J. A. McGovern discusses new high-accuracy extractions of the proton
and neutron static electric and magnetic scalar dipole polarisabilities from all published
elastic data below 300 MeV in Chiral EFT with explicit ∆(1232) degrees of freedom and
model-independent estimates of higher-order corrections [2, 3].
This contribution addresses opportunities for χEFT to serve as intermediary between
first-principle calculations in lattice QCD and efforts which are ongoing or approved at
MAX-lab, HIγS and MAMI (cf. E. Downie’s plenary talk). Such high-intensity experi-
ments with polarised targets and polarised beams allow the extraction not only of scalar
polarisabilities, but in particular of the so-far poorly explored spin-polarisabilities which
parametrise the stiffness of the nucleon spin in external electro-magnetic fields (nucleonic
bi-refringence/Faraday effect).
New chiral predictions for a comprehensive study of proton, deuteron and 3He observables
extend the analysis to higher energies and higher orders and help to better determine spin
and neutron polarisabilities [4, 5]. They also serve to relate emerging lattice QCD simula-
tions at mπ > 200 MeV to data at the physical point. In chiral lattice extrapolations, the
relative theoretical uncertainties increase with mπ: the magnitudes of the polarisabilities
decrease; the χEFT expansion parameter itself increases; and the ∆(1232) becomes more
important, leading to a re-ordering of contributions. We quantify such uncertainties using
a widely applicable method and compare to existing simulations [6].

Supported in part by the US-Department of Energy under contract DE-FG02-95ER-
40907.
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3.4 *Leading Talk* Evidence that the Λ(1405) is a molecular
antikaon-nucleon bound state

W. Kamleh
University of Adelaide, Adelaide, Australia

We present lattice QCD results showing that the strange magnetic form factor of the
Λ(1405) vanishes, signaling the formation of an antikaon-nucleon. Together with a Hamil-
tonian effective-field-theory model analysis of the lattice QCD energy levels, this strongly
suggests that the structure is dominated by a bound antikaon-nucleon component. This
result clarifies that not all states occurring in nature can be described within a simple
quark model framework and points to the existence of exotic molecular meson-nucleon
bound states.



3.5 *Leading Talk* Hermes results on 3D imaging of the nucleon

L.L. Pappalardo [on behalf of the Hermes Collaboration]
University of Ferrara & INFN–Ferrara, Ferrara, Italy

In the context of rapid theoretical developments in non-perturbative QCD, a formalism
of Transverse Momentum Dependent parton distribution functions (TMDs) and of Gen-
eralized Parton Distributions (GPDs) was introduced in the last two decades, providing
a more comprehensive multi-dimensional description of the nucleon. TMDs and GPDs
allow in fact for complementary descriptions of the nucleon in three dimensions (nu-
cleon tomography), spanned by the quarks longitudinal momenta and, respectively, by
the their transverse momenta components and transverse spatial coordinates. They thus
contribute, with different approaches, to the full phase-space description of the nucleon
structure. Furthermore, they provide complementary insights into the yet unmeasured
quark orbital angular momentum. Experimentally, TMDs and GPDs can be accessed
through the analysis of specific azimuthal asymmetries measured, respectively, in semi-
inclusive deep-inelastic scattering and hard exclusive processes, such as hard leptoproduc-
tion of real photons or mesons. The HERMES experiment has collected wealth of data
on scattering of a longitudinally polarized lepton (electron or positron) beam from HERA
off unpolarized, longitudinally and transversely polarized internal gas targets. Collected
data allowed to measure a variety of asymmetries with respect to beam charge, beam
helicity and target polarization. A selection of HERMES results on observables sensitive
to TMDs and GPDs will be presented.



3.6 *Leading Talk* Precise dispersive determination of πN scat-
tering and the σπN

J. Ruiz de Elviraa, M. Hoferichterb, B. Kubisa and Ulf-G. Meissnera,c
a Helmholtz–Institut für Strahlen- und Kernphysik (Theorie) and

Bethe Center for Theoretical Physics, Universität Bonn, Bonn, Germany,
b Institut für Kernphysik, Technische Universität Darmstadt and

ExtreMe Matter Institute EMMI, GSI Helmholtzzentrum für Schwerionenforschung GmbH, Darm-

stadt, Germany
c Institut für Kernphysik, Institute for Advanced Simulation, and

Jülich Center for Hadron Physics, Forschungszentrum Jülich, Jülich, Germany

Starting from hyperbolic dispersion relations for the invariant amplitudes of πN scattering
together with crossing symmetry and unitarity, we derive and solve a closed system of
integral equations for the partial waves of both s-channel (πN → πN) and t-channel
(ππ → N̄N) reactions, called Roy-Steiner equations. Special attention is given to the
possible sources of uncertainties and to the obtained σπN term value.



3.7 Improved description of the nucleon polarizabilities with
relativistic chiral effective field theory

J.M. Alarcon
University of Bonn, Bonn, Germany

The electromagnetic structure of the nucleon has an increasing interest for experimental
searches of physics beyond the standard model in the precision frontier. The reason is
that, due to the remarkable accuracy of the experimental measurements, it is crucial to
have a good understanding over all possible contributions. The polarizabilities give the
information about the two photon exchange contributions stemming from the internal
electromagnetic structure of the nucleon. This is specially important for the so-called
“Proton Radius Puzzle”. In this talk I will show how in a recent calculation in the
relativistic formulation of chiral effective field theory with the Delta degrees of freedom,
we could achieve a prediction of the low Q2 behaviour of the scalar and spin polarizabilities
that is in good agreement with the MAID model and experimental data. Finally I will
show the impact of this improved theoretical approach to the estimation of the order α5

em

polarizability correction to the Lamb shift.



3.8 Status of the OLYMPUS experiment

R. Alarcon
Arizona State University, Tempe, AR, USA

The OLYMPUS experiment will determine the multiple-photon exchange contribution
to elastic lepton-proton scattering, the most likely candidate to resolve the discrepancy
between measurements of the proton electric to magnetic form factor ratio, determined
using the Rosenbluth separation technique and polarization transfer methods. To this
end, the experiment measured the cross section ratio of positron-proton to electron-proton
elastic scattering. Data taking took place during 2012 on the DORIS storage ring at the
DESY Laboratory in Hamburg, Germany. Electron and positron beams of 2.01 GeV
energy were incident on an unpolarized hydrogen target and the elastic scattering cross
sections were measured for both beams using a large acceptance spectrometer. This talk
will cover the motivation, experiment, and current status of the analysis.



3.9 Impact of the ∆ (1232) resonance in neutral pion photopro-
duction in chiral perturbation theory

L. W. Cawthorne and J. A. McGovern
The University of Manchester, Manchester, UK

In this talk we will discuss the reaction p + γ → p + π0 and how it has been described
using Chiral Perturbation Theory (χPT).
Since the early 1990s χPT has been applied to pion photoproduction. The first study was
that of Bernard et al. [2, 3], detailing a O(p3) relativistic approach to describe the data
from Mainz [3] and Saclay [4] from threshold, Eγ ≈ 145 MeV, to Eγ ≈ 160 MeV. In 1996
and 2001 the same authors revisited this phenomenon in O(p4) heavy baryon χPT [5, 6].
They improved on previous results by fitting to data from threshold to Eγ ≈ 165 MeV.
There has been a resurgence of interest in this topic following the publication of the results
from the A2 and CB-TAPS collaborations at the Mainz Microtron (MAMI)[7]. This data
has reached unprecedented levels of accuracy from the threshold region through to the
first excited hadronic state, the ∆(1232). This data was analyzed by Fernández-Ramı́rez
et al. [8] using rel. χPT and HBχPT. They concluded that for energies above Eγ ≈ 170
MeV both the theories fail.
All of the above studies acknowledge that the ∆(1232) is important but do not include it
in their work. It was incorporated into a O(p3) EOMS covariant theory late last year by
Blin et al. [9]. Their analysis showed how including the resonance improves the fit.
Another aspect highlighted by Fernández-Ramı́rez et al. [10] is that calculations often
limit the angular momentum to P-waves, when it is not fully understood if the interference
produced from D-wave states (or higher) are negligible.
In our discussion, we will detail both the relativistic and the heavy baryon approach.
Furthermore, we will show the effects of including the ∆(1232), and how this improves
theoretical descriptions of this phenomenon. Finally, we will discuss the consequences
of truncating the angular-momentum to P-waves, compared to including D-waves and
higher.
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3.10 The K cascade production in coupled channel chiral models
up to next-to-leading order

A. Feijoo, A. Ramos, and V. Magas
University of Barcelona, Barcelona, Spain

The meson-baryon interaction in the S=-1 sector is studied by means of a chiral SU(3)
Lagrangian up to next-to-leading order, implementing unitarization in coupled channels.
The parameters of the Lagrangian have been fitted to a large set of experimental data
in two-body channels. We focused on K − p → K Cascade reactions because they show
the strongest sensitivity to the next-to-leading order (NLO) coefficients, due to the zero
tree level contribution of the leading-order terms. As we will see, the leading order La-
grangian, even taking into account the contributions via unitaritzation, can not build
enough strength to reproduce the experimental data. Thus, NLO corrections are abso-
lutely mandatory in the K Cascade production channels. In order to improve the the
description of the total and differential K−p→ K Cascade cross sections, and to analyse
the accuracy and stability of the obtained NLO parameters, phenomenological contribu-
tions of massive high spin resonances in K Cascade channels have been introduced and
studied. The resulting K Cascade interaction has been also applied to study of the decay
process Lambdab → J/ΨKΞ, which can be studied by the LHCb Collaboration.



3.11 New results for Compton scattering on deuterium: A bet-
ter determination of the neutron electromagnetic polariz-
abilities

G. Feldmana, L.S. Myersb, J.R.M. Annandc, J. Brudvikd, K.G. Fissumd, H.W. Grießhammera,
K. Hansend, S.S. Henshawe, L. Isakssond, M.A. Kovashf , M. Lundind, J.A. McGoverng,
A.M. Nathanb, D.R. Phillipsh, B. Schröderd, K. Shoniyozovf , and S.C. Stavee
a George Washington University, Washington, DC, USA
b University of Illinois, Urbana, IL, USA
c University of Glasgow, Glasgow, Scotland, UK
d Lund University, Lund, Sweden
e Duke University and TUNL, Durham, NC, USA
f University of Kentucky, Lexington, KY, USA
g University of Manchester, Manchester, UK
h Ohio University, Athens, OH, USA

The electric and magnetic polarizabilities of the proton are now relatively well known,
owing to Compton scattering measurements on hydrogen targets over the past 20 years
[1]. However, in the case of the neutron, these structure constants are still quite uncer-
tain, due to the fact that there are no free neutron targets and that quasi-free Compton
scattering on a neutron in a nucleus has a significantly reduced cross section compared
to that of a proton because the neutron is uncharged. These issues can be addressed by
performing elastic Compton scattering on deuterium – in this case, the scattering cross
section is higher, but the contributions from the proton and meson-exchange effects need
to be taken into account in order to extract meaningful information about the neutron.
To investigate this question, a multi-institutional collaboration has been conducting a
program of elastic Compton scattering experiments on deuterium at the MAX IV Labo-
ratory in Lund, Sweden using tagged photons in the energy range Eγ = 65 − 115 MeV.
We have assembled at one laboratory, for the first time, three of the world’s largest NaI
detectors– CATS (from Mainz), BUNI (from Boston University), and DIANA (from the
University of Kentucky) – each having better than ∆E/E ∼ 2% photon energy resolu-
tion. We have measured elastic Compton scattering cross sections at laboratory angles
of θγ = 60o, 90o, 120o and 150o over this energy range in 8 MeV steps. This effectively
doubles the world’s set of elastic Compton scattering data from deuterium and provides
valuable input for chiral effective field theory (χEFT) calculations [2]. The absolute nor-
malization of the current data was rigorously checked via separate measurements of elastic
Compton scattering on carbon [3], which can be compared with precise values in the lit-
erature. These new deuterium data overlap previous measurements and extend them by
20 MeV to higher energies where the sensitivity of the cross section to the polarizabilities
is enhanced. Based on χEFT fits to the expanded world data set, new values for the
neutron electric and magnetic polarizabilities have been obtained with greater accuracy
than previously achieved, decreasing the statistical error by more than 30 % [4].
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3.12 Extending the baryon ChPT beyond the low-energy region

J. Gegeliaa, E. Epelbaumb, and Ulf-G. Meissnerc
a Forschungszentrum Jülich, Jülich, Germany
b Ruhr-Universitaet Bochum, Bochum, Germany
c Helmholtz-Institut für Strahlen- und Kernphysik, Bonn, Germany

We suggest an extension of the one-nucleon sector of baryon chiral perturbation theory
beyond the low-energy region. Applicability of the proposed approach for higher ener-
gies is restricted to small scattering angles, i.e. the kinematical region where the quark
structure of hadrons cannot be resolved. The main idea is to re-arrange the low-energy
effective Lagrangian according to a new power counting and for loop diagrams exploit
the freedom of the choice of the renormalization condition. We generalize the extended
on-mass-shell scheme for the one-nucleon sector of the baryon chiral perturbation theory
by choosing a sliding scale, i.e. expand the physical amplitudes around kinematical points
far beyond the threshold. This requires an introduction of complex-valued renormalized
coupling constants which can be either extracted from experimental data, or calculated
using the renormalization group evolution of coupling constants fixed in threshold region.



3.13 Peripheral transverse densities in the light-front formula-
tion of chiral dynamics

C. Granadosa and C. Weissb
a Uppsala University, Uppsala, Sweden
b Thomas Jefferson National Accelerator Facility, Newport News, VA, USA

The transverse densities of charge and magnetization in the nucleon are studied at pe-
ripheral transverse distances (∼ O(M−1

π )), where they are dominated by chiral dynamics
and can be calculated model-independently using ChEFT. The densities are represented
as overlap integrals of chiral light-front wave functions, describing the transition of the
initial nucleon to soft pion-nucleon (and Delta) intermediate states and back [1]. This
first-quantized representation of chiral dynamics permits a simple quantum-mechanical
interpretation and reveals new features of the transverse densities. The orbital motion of
the peripheral pion causes a large left-right asymmetry of the current in a transversely
polarized nucleon, which results in the approximate equality of the peripheral charge and
magnetization densities. The striking effect testifies to the essentially relativistic nature
of chiral dynamics and could be observed in nucleon electromagnetic form factor mea-
surements at low momentum transfer. The methodology developed here can be applied
to nucleon form factors of other operators, such as the energy-momentum tensor.
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3.14 Chiral perturbation theory of hyperfine splitting in muonic
hydrogen

F. Hagelstein and V. Pascalutsa
Johannes Gutenberg University of Mainz, Mainz, Germany

We present the predictions of baryon chiral perturbation theory (BChPT) for the proton
polarizability contribution to the 2P−2S Lamb shift and the 2S hyperfine splitting (HFS)
in muonic hydrogen, and compare them to the results of dispersive calculations.
The spin-dependent part of the forward doubly-virtual Compton scattering amplitude
(S1,2) contributes to the 2S HFS, whereas the spin-independent part of the amplitude
(T1,2) to the 2P −2S Lamb shift. All invariant amplitudes are related to photoabsorption
cross sections by dispersion sum rules, however the amplitude T1 requires a subtracted
dispersion relation. Therefore, in contrast to the HFS, the polarizability contribution to
the Lamb shift is not determined by the empirical information (on structure functions)
alone and requires a rigorous theoretical input. Such an input has been provided by recent
ChPT calculations, cf. [1] and references therein. We extend the calculation of Ref. [1]
to the HFS, where the reliability of both ChPT and dispersive calculations is put to the
test.

Figure 1: The two-photon exchange diagrams of elastic lepton-nucleon scattering to O(p3) in

ChPT. Diagrams obtained from these by crossing and time-reversal symmetry are not drawn.
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3.15 Chiral dynamics in the γp→ pπ0 reaction

A. Hiller Blin, T. Ledwig, and V. Vacas
University of Valencia, Valencia, Spain

We investigate the neutral pion photoproduction on the proton near threshold in covariant
chiral perturbation theory with the explicit inclusion of ∆ degrees of freedom. This
channel is specially sensitive to chiral dynamics and the advent of very precise data from
the Mainz microtron has shown the limits of the convergence of the chiral series for both
the heavy baryon and the covariant approaches. We show that the inclusion of the Delta
resonance substantially improves the convergence leading to a good agreement with data
for a wider range of energies.



3.16 The H–dibaryon in two flavor lattice QCD

P. Junnarkara, J. Greenb, T. Raec, A. Francisd, C. Miaoe, and H. Wittige

a Helmholtz Institut Mainz, Mainz, Germany
b Massachusetts Institute of Technology, Cambridge, MA, USA
c University of Southampton, Southampton, UK
d University of Bielefeld, Bielefeld, Germany
e University of Mainz, Mainz, Germany

We present preliminary results from a lattice QCD calculation of theH-dibaryon using two
flavors of O(a) improved Wilson fermions. We employ six quark interpolating operators
with the appropriate quantum numbers of the H-dibaryon and also explore its couplings to
two-baryon channels. We apply two smearings to improve the overlap to the ground state,
which is obtained by solving a generalised eigenvalue problem. The inclusion of multi-
particle operators enables the application of Lüscher’s finite volume formalism to obtain
information on the nature of the infinite volume interaction of two particles. Further,
the correlators are projected to three moving frames enabling the isolation of the infinite
volume bound/scattering state. Preliminary results on pion mass of 1 GeV indicate the
H-dibaryon is bound in the infinite volume. Results at a lower pion mass of 451 MeV will
also be presented.



3.17 Odd moments of nucleon charge and magnetization distri-
bution in ChPT

N. Krupina and V. Pascalutsa
Johannes Gutenberg-University of Mainz, Mainz, Germany

We consider the predictions of Chiral Perturbation Theory (ChPT) for the third Zemach
moment and Zemach radius and confront them with empirical values. We look at impli-
cations of these results for the Lamb shift and hyperfine structure of (muonic) hydrogen.



3.18 Narrow S–wave resonance in pion-baryon system

B. Long
University of Sichuan, Chengdu, China

As the pion mass approaches a critical value m⋆
π, an S-wave baryon resonance can cross

pion-baryon threshold, thus driving the scattering length to diverge. Charmed baryon
resonance Λ+

c (2595) appears to be a realization of such a system. I explore the conse-
quences of chiral symmetry for mπ near m⋆

π, which are all centered around the finding
that if m⋆

π is not too large, the effective range of such a system is unexpectedly large,
proportional to 4πf 2

π/m
3
π.



3.19 Recoil corrections in antikaon-deuteron scattering

M. Maia, V. Barub, E. Epelbaumb, and A. Rusetskya

a Ruhr University of Bochum, Bochum, Germany
b HISKP, University of Bonn, Bonn, Germany

The recoil retardation effect in the K−d scattering length is studied. Using the nonrela-
tivistic effective field theory approach, it is demonstrated that a systematic perturbative
expansion of the recoil corrections in the parameter ξ = MK/mN is possible in spite of
the fact that K − d scattering at low energies is inherently nonperturbative due to the
large values of the K−N scattering lengths.
The first-order correction to the K−d scattering length due to single insertion of the
retardation term in the multiple-scattering series is calculated. The recoil effect turns out
to be reasonably small even at the physical value of MK/mN ∼ 0.5. In the talk I will
present these results as well as our more recent estimation of higher order corrections and
the possibility to resum the recoil corrections to all orders.



3.20 Joint Physics Analysis Center activities

V. Mathieu
Indiana University, Bloomington, IN, USA

The Joint Physics Analysis Center gathers theorists working on tools development for the
analysis of hadon spectroscopy experiments. Our aim is to provide to experimentalists
flexible amplitudes to fit data and easily extract the physics of a specific reaction. I will
report on the latest results including pion-nucleon and kaon-nucleon elastic scattering,
eta/omega/phi mesons decays in three pions and photoproduction on strange mesons.



3.21 Evolution of the K̄N − πΣ system with M 2
π in a box from

UχPT

R. Molina and M. Doering
The George Washington University, Washington, DC, USA

The Λ(1405) baryon is of continued interest in hadronic physics, being absent in many
quark model calculations and supposedly manifesting itself in a two-pole structure. Finite-
volume Lattice-QCD eigenvalues for different quark masses were recently reported by the
Adelaide group [1]. We compare these eigenvalues to those of a unitary Chiral Perturba-
tion Theory (UχPT) model [2], evaluated in the finite volume [3]. The UχPT calculation
predicts the quark mass dependence remarkably well. It also explains the overlap pattern
with different meson-baryon components, mainly πΣ and K̄N , at different quark masses.
Some of the results of our calculation are shown in Fig. 1. We will study the properties
of the two lower states in the box as predicted by UχPT and compare to those of the
two poles of the Λ(1405) in the infinite limit. More accurate Lattice QCD are required to
draw definite conclusions on the nature of the Λ(1405).

Figure 1: Comparison between the Lattice data from the Adelaide group and the predictions

from UχPT.
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3.22 Octet baryon masses in covariant baryon chiral perturba-
tion theory up to O(p4)

X.-L. Rena,b, L. Genga, and J. Menga,c

a BeiHang University, Beijing, China
b Institut de Physique Nucléaire, Orsay, France
c Peking University, Beijing, China

We report on a recent study of the ground-state octet baryon masses and sigma terms in
the covariant baryon chiral perturbation theory (ChPT) with the extended-on-mass-shell
(EOMS) renormalization scheme up to next-to-next-to-next-to-leading order (N3LO). To
take into account lattice QCD artifacts, the finite-volume corrections (FVCs) and finite
lattice spacing discretization effects are carefully examined.
We performed a simultaneous fit of all the publicly available nf = 2 + 1 lattice QCD
data from the PACS-CS, LHPC, HSC, QCDSF-UKQCD and NPLQCD collaborations
and found that the N3LO EOMS BChPT can describe the data reasonably well with
χ2/d.o.f. = 1.0. Our study showed that the various lattice simulations are consistent
with each other. Although the finite lattice spacing discretization effects up to O(⊣∈)
can be safely ignored, but the finite volume corrections cannot even for configurations
with MφL > 4. As an application, we predicted the octet baryon sigma terms using
the Feynman-Hellmann theorem. In particular, the pion- and strangeness-nucleon sigma
terms are found to be σπN = 55(1)(4) MeV and σsN = 27(27)(4) MeV, respectively.



3.23 Combined analysis of πN → πN and πN → ππN in ChPT

D. Siemens
Ruhr University of Bochum, Bochum, Germany

In my talk, I will focus on the reactions πN → πN and πN → ππN which are studied at
one-loop level in the frameworks of covariant and heavy baryon chiral perturbation theory.
Performing combined fits to determine the relevant low-energy constants, predictions are
made for various observables. In addition, first attempts to include ∆(1232) and R(1440)
as explicit degrees of freedom will be discussed [1].
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3.24 Excited-state contamination in nucleon correlators from
chiral perturbation theory

B. Tiburzi
City College of New York, New York, NY, USA

Techniques to compute hadron properties from lattice QCD rely upon the limit of long
time separation. For baryons, the signal-to-noise problem often restricts one to time
separations that are not ideally long, and for which couplings to excited states can obstruct
the isolation of ground-state baryon properties. We consider excited-state contamination
in nucleon two- and three-point functions. Using chiral perturbation theory, we determine
couplings to pion-nucleon and pion-delta excited states. In two-point functions, these
contributions are small, in accordance with general properties of the spectral density on a
torus. For the axial-current correlation function in the nucleon, the sign of excited-state
contributions suggests overestimation of the nucleon axial charge. Thus contamination
from pion-nucleon excited states will not likely explain the trend in lattice QCD data.



3.25 Hadronic uncertainties and isospin violation in supersym-
metric dark matter models

L. Tunstalla, M. Hoferichterb, A, Crivellinc, and M. Procurad

a University of Bern, Bern, Switzerland
b TU Darmstadt, Darmstad, Germany
c TTP Karlsruhe, Karlsruhe, Germany
d University of Wien, Wien, Germany

Current limits from dark matter direct-detection experiments place a powerful constraint
on the parameter space of the Minimal Supersymmetric Standard Model (MSSM). The
interpretation of these limits, however, depends sensitively on the hadronic uncertainties
associated with the scattering of supersymmetric dark matter particles off nucleons. For
spin-independent scattering, we review the role of chiral perturbation theory in the de-
termination of these hadronic uncertainties, and quantify the amount of isospin violation
within several simplified versions of the MSSM. In each case, we identify parameter-space
configurations that produce (almost) vanishing cross sections and examine the comple-
mentarity of constraints due to direct-detection, flavour, and collider experiments. In the
vicinity of these so-called blind spots, we find that isospin violation is much larger than
typically expected in the MSSM.



3.26 SU(3) flavor breaking in baryon octet light-cone distribu-
tion amplitudes

P. Wein
University of Regensburg, Regensburg, Germany

We present a leading one-loop calculation in the framework of three-flavor baryon chiral
perturbation theory (BChPT) for three-quark light-cone distribution amplitudes, which
parametrize the momentum distribution in the leading Fock state and are relevant for the
description of hard exclusive processes. Such a calculation automatically yields model-
independent results for the leading SU(3) flavor breaking effects. It is possible to find a
minimal set of distribution amplitudes (DAs) that do not mix under chiral extrapolation
towards the physical point and naturally embed the Λ baryon. For the wave function
normalization constants and for the first moments of the leading twist DA we will provide
first results obtained from fits to preliminary lattice QCD data.



3.27 The proton spin-dependent structure function g2 at low Q2

R. Zielinski
University of New Hampshire, Dover, NH, USA

The Jefferson Laboratory accelerator has been used to great effect in the study of the
polarized structure of nucleons. Measurements of the spin-dependent structure func-
tions have been proven to be powerful tools in testing the validity of effective theories
of Quantum Chromodynamics. While the neutron spin structure functions, gn1 and gn2 ,
and the longitudinal proton spin structure function, gp1, have been measured over a wide
kinematic range, the second proton spin structure function, gp2, has not. This talk will
present the E08-027 (gp2) experiment, which was an inclusive measurement of gp2 in the res-
onance region at Jefferson Lab’s Hall A. This is the first measurement of gp2 covering 0.02
GeV2 < Q2 < 0.2 GeV2. The experiment will allow us to test the Burkhardt-Cottingham
Sum Rule at low Q2 as well as extract the longitudinal-transverse generalized spin polar-
izability and compare it to predictions made by Chiral Perturbation Theory. In addition,
the data will reduce the systematic uncertainty of calculations of the hyperfine splitting
of hydrogen. An update on the status of the analysis, along with preliminary results, will
be presented.



4 Few-body physics working group



4.1 *Leading Talk* Clustering in nuclei from ab initio nuclear
lattice simulations

Ulf-G. Meissner
HISKP, University of Bonn, Bonn, Germany

In this talk, I discuss the emergence of clustering in ab initio nuclear lattice simulations.
The spectrum and the structure of the 12C and 16O nuclei are displayed. I also consider
some issues related to the breaking of rotational symmetry in alpha cluster-models and
show how these lattice artifacts can be tamed.



4.2 *Leading Talk* Uncertainty quantification and chiral dy-
namics

D.R. Phillips
Ohio University, Athens, OH, USA

I will show that combining effective field theories (EFTs) with Bayesian data analysis
facilitates the rigorous quantification of theoretical uncertainties [1]. Bayesian methods
are sometimes attacked on the grounds that the use of priors produces a subjective result.
I will argue that, in fact, incorporating priors in the analysis permits the consistent
application of analysis assumptions that are otherwise only implicit or imposed in an ad
hoc way. In a Bayesian framework such assumptions can then be tested, and, if necessary,
modified in light of new information.
In this talk the general framework for incorporating Bayesian priors that encode the expec-
tation that low-energy coefficients (LECs) in the EFT are natural will first be presented.
Applications such as:

• computation of higher-order uncertainties in chiral EFT calculations of NN scatter-
ing [2];

• the extraction of low-energy constants in toy models designed to mimic EFTs with
both natural and unnatural coefficients [3];

• the extrapolation of lattice data on the nucleon mass to the physical pion mass,

will be discussed.
This work was performed by the BUQEYE collaboration and is supported by the National
Science Foundation and the US Department of Energy.
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4.3 *Leading Talk* Magnetic properties of light nuclei from Lat-
tice QCD

S. Beanea, E. Changb, W. Detmoldc, K. Orginosd, A. Parrenoe, M. Savageb, and B.
Tiburzif
a Department of Physics,University of Washington, Seattle, WA, USA
b Institute for Nuclear Theory, University of Washington, Seattle, WA, USA
c Center for Theoretical Physics, Massachusetts Institute of Technology, Cambridge, MA, USA
d Department of Physics, College of William and Mary, Williamsburg, VA, USA and Jefferson

Laboratory, Newport News, VA, USA
e Dept. d’Estructura i Constituents de la Matèria. Institut de Ciències del Cosmos (ICC),

Universitat de Barcelona, Barcelona, Spain
f Department of Physics, The City College of New York, New York, NY, USA and Graduate

School and University Center, The City University of New York, New York, NY, USA and

RIKEN BNL Research Center, Brookhaven National Laboratory, Upton, NY, USA

I will present the recent results of lattice QCD calculations of the interactions of nucleons
and light nuclei with magnetic fields. Their magnetic moments and polarizabilities have
been calculated at pion masses of 805 MeV and 450 MeV. Interestingly, the magnetic
moments, when given in terms of natural nuclear magnetons, are found to be consistent
with the experimental values. I also present first results for the cross section for n+ p→
d+ γ.



4.4 *Leading Talk* Hadronic parity violation in effective field
theory

M. Schindler
University of South Carolina, Columbia, SC, USA

Parity-violating interactions between nucleons are the manifestation of an interplay of
strong and weak interactions between quarks in the nucleons. Because of the short range
of the weak interactions, these parity-violating forces provide a unique probe of low-
energy strong interactions. An ongoing experimental program is mapping out this weak
component of the nuclear force in few-nucleon systems. Recent theoretical progress in
analyzing and interpreting hadronic parity violation in such systems, based on effective
field theory methods, will be described. In particular, important information on parity-
violating nucleon-nucleon interactions can be gained from an asymmetry in deuteron
photodisintegration, which might be measurable at a future high-intensity photon source
such as the proposed upgraded HIGS facility. Recent theoretical calculations of this
parity-violating asymmetry and the impact of such a measurement on our understanding
of hadronic parity violation will be discussed.



4.5 Recent developments in neutron-proton scattering with lat-
tice effective field theory

J.M. Alarcon
University of Bonn, Bonn, Germany

In this talk I want to present the recent progresses in neutron-proton scattering on the
lattice with lattice EFT. Among them, the study of the different lattice actions in de-
scribing the scattering observables and binding energy of the deuteron. The convergence
of the chiral series for these observables will be analyzed as well, and will be shown to
be in good agreement with the expected behaviour of a perturbative approach. Finally, I
will comment on the problem regarding the description of the mixing angle on the lattice,
which is one of the remaining problems since the beginning of the lattice EFT calculations.



4.6 Compton Scattering from 3He and 4He using an active tar-
get

J. Annand
University of Glasgow, Glasgow, UK

An experiment to measure the differential cross section for Compton scattering from 3He
and 4He at the MAMI tagged photon facility in Mainz is described. The objective is to
measure the isoscalar nucleon electromagnetic polarisabilities and thus access the neutron
polarisabilities. The experiment will use a high-pressure gas-scintillator active target
to measure recoiling He ions in coincidence with the scattered photon, detected in the
Crystal Ball and TAPS 4π electromagnetic calorimeter. Recent work to develop a chiral
effective field theory treatment of Compton scattering on 3He is also described, and the
relative merits of using 2H, 3He or 4He as “neutron targets” discussed in the light of recent
experiments on 2H.



4.7 Nuclear axial current in chiral effective field theory

A. Baroni
Department of Physics, Old Dominion University, Norfolk, VA, USA

We present the derivation of two-nucleon axial charge and current operators in chiral
effective field theory up to order Q in the power counting, where Q denotes generically
the low momentum scale. The derivation is based on time-ordered perturbation theory,
and accounts for cancellations between the contributions of irreducible diagrams and those
due to non-static corrections from energy denominators of reducible diagrams. Renormal-
ized terms in the axial charge are obtained by isolating divergencies in loop corrections
via dimensional regularization, and reabsorbing them in a subset of the low-energy con-
stants of contact operators entering the theory at order Q. The axial current contains no
divergencies at order Q and also no contact terms at this order.



4.8 Application of low-energy theorems to NN scattering at un-
physical pion masses

V. Barua,b, E. Epelbauma A. A. Filina, and J. Gegeliaa,c

a Institut für Theoretische Physik II, Ruhr University of Bochum, Bochum, Germany
b Institute for Theoretical and Experimental Physics, Moscow, Russia
cTbilisi State University, Tbilisi, Georgia

The low-energy theorems (LET) for NN scattering are known to provide important re-
lations between the coefficients in the effective-range expansion (ERE) of the amplitude,
which are governed by the long-range part of the potential, see, e.g., Refs. [1, 2]. There-
fore, as long as the long-range physics is appropriately included in the calculation, these
relations should yield model independent predictions for the coefficients in the ERE, pro-
vided some of these coefficients are known. In particular, using the NN scattering length
in the 3S1 channel as input, the effective range and the shape parameters predicted in
Ref. [3] appear to be in a good agreement with those extracted from Nijmegen PWA [4].
In this work we extend the LET to the case of unphysical pion masses. It is emphasized
that correlations provided by LET can be used as nontrivial consistency checks for the
lattice calculations. As an example, we use the mπ dependence of the effective range
suggested in the recent lattice study [5] as input to predict the mπ dependence of the
binding energy and the shape parameters.
Further, we discuss the results of chiral extrapolations calculated to NLO using the mod-
ified Weinberg formulation of chiral effective field theory.
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4.9 The nuclear contact: From nucleus photodisintegration to
nucleons momentum distributions

B. Bazak, N. Barnea, and R. Weiss
Racah Institute of Physics, The Hebrew University of Jerusalem, Jerusalem, Israel

Recently, Tan suggested that the properties of universal quantum gases depend on a new
characteristic quantity, called the contact. 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, this theory predicts the energy, pressure and other
properties of the system. It was proven right in a series of ultracold atomic experiments.
We generalize 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. Using experimental
evaluations of Levinger’s constant the value of the neutron-proton contact in finite nuclei
and in symmetric nuclear matter is extracted, and compared to the universal theory.
Utilizing the contact, a new asymptotic connection between the one-nucleon and two-
nucleon momentum distributions, describing the two-body short-range correlations in
nuclei, is obtained. Using available numerical data, we extract few connections between
the different contacts and verify their relations to the momentum distributions.



4.10 Effective theory for Lattice nuclei

L. Contessi
Physics Department, University of Trento, Trento, Italy

The development of a many-body theory having a clear interpretation in the framework
of QCD and, at the same time, capable to reach a very high precision in calculating ob-
servables is a longstanding quest.
In the last years Lattice QCD has substantially improved its predictive power for light
nuclei [1, 2, 3]. Now we have access to data for light nuclei in systems with high pionic
mass. We argue that the proper low-energy theory is a contact (or pionless) approach,
since for these systems pion effects are of short-range. By means of this effective theory
it is possible to extend LQCD predictions to heavier nuclei.
The low energy constants of the theory at leading order can be determined using LQCD
data of binding energy of deuteron, triton and helion. I will present predictions [4] for
binding energy of 4He, 5He, 5Li and 6Li calculated with effective-interaction hyperspher-
ical harmonics (EIHH) and auxiliary field diffusion montecarlo (AFDMC), then discuss
the extension of the method, done with AFDMC, for much heavier nuclei.

In this way we illustrate for the first time how to make predictions on nuclei starting
from LQCD results, anticipating the procedure that should be adopted with chiral dy-
namics, once LQCD will be able to give results with smaller pion mass.
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4.11 Extracting neutron polarizabilities from compton scatter-
ing on quasi-free neutrons in γd→ γnp

B. Demissie and H. W. Grießhammer
a Institute for Nuclear Studies, Department of Physics, The George Washington University,

Washington, DC, USA

Compton scattering processes are ideal to study electric and magnetic dipole polarizability
coefficients of nucleons [1]. These fundamental quantities parametrize the response to a
monochromatic photon probe. In this work, the inelastic channel γd→ γnp is treated in
χEFT, with a focus on the NQFP - neutron quasi-free peak - kinematic region. In this
region, the momentum of the outgoing proton is small enough that it is considered to
remain at rest. This provides access to the Compton scattering process γn → γn from
which the neutron scalar polarizabilites α and β are extracted. Using χEFT, differential
cross-sections, d3σ/dEndΩγ′Ωn, in the photon energy range of 200-400 MeV are computed.
The biggest contribution comes from the impulse approximation, with small corrections
stemming from final state interaction, meson exchange currents and rescattering. A new
extraction of neutron polarizabilities from a two-parameter fit to the Kossert et al. [2]
data taken at MAMI in 2002 is presented. Previously, the experiment was designed and
the data analysed based on a theoretical model [3] that computed the NQFP differential
cross-sections. The re-analysis of this data in a consistent, model independent framework
- χEFT - provides reliable extraction of polarizabilies with controlled uncertainties.

This work is supported in part by the US Department of Energy under grant DE-FG02-
95ER-40907.
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4.12 Ab initio alpha-alpha scattering

S. Elhatisari [for Nuclear Lattice EFT Collaboration]
Helmholtz-Institut für Strahlen- und Kernphysik (Theorie) and Bethe Center for Theoretical

Physics, Universität Bonn, Bonn, Germany

We present ab initio lattice calculations of α–α clusters scattering at next-to-next-to-
leading order in chiral effective field theory using the adiabatic projection method. The
adiabatic projection method is a general framework for scattering and reactions on the
lattice which uses a set of initial cluster states and Euclidean time projection to give a
systematically improvable description of the low-lying scattering cluster states. By im-
posing spherical wall boundary condition, we extract scattering phase shifts directly from
asymptotic cluster wave functions with less sensitivity to small stochastic and system-
atic errors than using finite-volume energy methods. We present lattice results for the
α–α S-wave and D-wave scattering phase shifts at next-to-next-to-leading order in chiral
effective field theory and compare with experimental data.



4.13 Pion production in nucleon-nucleon collisions near thresh-
old: Complete NNLO calculation in chiral EFT

A. A. Filina, V. Barua,b, E. Epelbauma, C. Hanhartc,d, H. Krebsa, and F. Myhrere

a Institut für Theoretische Physik II, Ruhr University of Bochum, Bochum, Germany,
b Institute for Theoretical and Experimental Physics, Moscow, Russia,
c Institut für Kernphysik, (Theorie) and Jülich Center for Hadron Physics, Forschungszentrum

Jülich, Jülich, Germany
d Institute for Advanced Simulation, Forschungszentrum Jülich, Jülich, Germany,
e Department of Physics and Astronomy, University of South Carolina, Columbia, SC, USA

Study of pion production near threshold is interesting for several reasons: it tests ap-
plicability of chiral EFT at intermediate energies, probes nucleon-nucleon dynamics at
relatively large transferred momenta, and gives possibility to study isospin violation in
few-body processes.
The neutral pion production in pp → ppπ0 channel has been known to be the most
puzzling process for a long time. The data for near-threshold cross section in this channel
is suppressed by more than an order of magnitude compared to charged pion-production
channels. This suppression agrees with conclusions made using chiral EFT, namely that
there is almost no leading order contribution to pp → ppπ0 and the higher order effects
are expected to be important for quantitative understanding of neutral pion production.
We present the results for the full pion production operator near threshold calculated
up-to-and-including next-to-next-to-leading order (NNLO) in chiral effective field theory
[2, 3], which includes pions, nucleons and delta degrees of freedom. Our analysis of chiral
loops at NNLO reveals new mechanisms which are important, but haven’t been considered
in phenomenological studies so far. The obtained production operator, being convolved
with nucleon-nucleon wave functions derived recently based on chiral EFT [4] is used to
compute the pion production amplitudes. First results for the observables in NN → NNπ
are going to be presented.
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4.14 Scaling of tetramer properties close to the unitary limit

T. Frederico
Instituto Tecnologico de Aeronautica, Sao Jose dos Campos, SP, Brazil

The universal properties of weakly bound tetramers close to the unitary limit are obtained
by solving Faddeev-Yakubovsky (FY) equations for identical bosons with a zero-range
interaction. The solution of these equations demand beside a short-range three-body
scale another one for the four-boson system. We explore the correlation between trimer
and tetramer energies are shown to be universal, and exhibits the effect of the new scale,
which is conveniently represented by a scaling function depending only on dimensionless
quantities. Furthermore, the effective range changes the scaling functions in a way distinct
from variations of the three- and four-body short range scales. The universal scaling
functions for trimer and tetramers are sensitive to the effective range, and in particular,
the correlation between the positions of the four-atom recombination peaks. We show
that the shift in the position of the tetramer resonance peaks for cesium atoms, coming
from the finite effective range, are consistent with the existing experimental data for these
broad Feshbach resonances.



4.15 Chiral two-nucleon dynamics, analyticity and dispersion
relations

A. Gasparyana, E. Epelbauma, and M. Lutzb
a Ruhr University of Bochum, Bochum, Germany
b GSI, Darmstadt, Germany

Nucleon-nucleon interaction is studied using relativistic form of the chiral Lagrangian.
Partial-wave amplitudes are computed in chiral perturbation theory at next-to-next-to-
leading order in the subthreshold region. The most general constraints set by analyticity
and unitarity are implemented to extrapolate the amplitudes into the physical region
using the method developed in Refs. [1, 2]. Empirical phase shifts are described up
to laboratory energies Tlab ≃ 250 MeV. The issues related with renormalization and
convergence of perturbation theory are investigated.
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4.16 The n3He experiment: Hadronic parity violation in cold
neutron capture on 3He

M. Gericke
University of Manitoba, Winnipeg, Canada

The n3He experiment aims to measure the parity violating asymmetry in the direction
of proton emission in the reaction ~n +3 He → T + p, using the capture of polarized cold
neutrons in an unpolarized gaseous 3He target. Using effective field theory based calcula-
tions, the size of the asymmetry is estimated to be in the range of (−9.5 → 2.5) × 10−8,
and our goal measurement accuracy is 2 × 10−8. The asymmetry is a result of the low
energy weak interaction between nucleons and its measurement will provide a benchmark
for modern effective field theory calculations. The asymmetry isolates the I = 0 compo-
nents of the hadronic weak interaction. The experiment uses a 3He multiwire ionization
chamber as the combined target and detector operated in current mode. The n3He ex-
periment was installed and commissioned in December 2014 on the Fundamental Neutron
Physics Beamline at the Spallation Neutron Source at Oak Ridge National Laboratory.
The experiment is currently taking production data. I will provide an overview of the
experiment and the physics and will discuss some of the data collected to date.



4.17 Progress in the quest for a realistic three-nucleon force

L. Girlandaa, A. Kievskyb, L.E. Marcuccic,b, and M. Vivianib
a University of Salento and INFN–Lecce, Lecce, Italy
b INFN–Pisa, Pisa, Italy
c University of Pisa, Pisa, Italy

Despite long-lasting efforts in the determination of a realistic three-nucleon force (TNF),
none of the presently available models leads to a satisfactory description of bound and
scattering states of the A = 3 system. It seems natural to ascribe the above situation
to the fact that these models include a very small number of adjustable parameters,
compared to the two-nucleon interaction case. For example, in the framework of the
chiral expansion, only 2 low-energy constants (LECs) enter up to and including N3LO.
At the following order (N4LO) one encounters 10 additional LECs, which parametrize
the short-range component of the TNF, and are unconstrained by chiral symmetry. As
such, they could provide the necessary flexibility to arrive at a truly realistic model for
the TNF. In this contribution we will report about our progress along these lines. In
particular we examine to which extent the AV18 NN interaction, supplemented by the
leading and subleading contact-range TNF, provides a satisfactory fit to N − d scattering
data.



4.18 Assessing theory errors using residual cutoff dependence

H. W. Grießhammer
Institute for Nuclear Studies, George Washington University, Washington DC, USA

The past few years have witnessed a renewed emphasis of the need to quantify residual
theoretical uncertainties [1, 2]. Ideally, “double-blind” calculations would assess them
based on input and method, and not by comparison to data. This is particularly important
if data is absent or its consistency needs to be checked. Effective Field Theories promise a
well-defined scheme to provide such reproducible, objective, quantitative error estimates.
While straightforward in a perturbative EFT like the purely mesonic or one-baryon sector
of χEFT, how can one validate the expansion in a non-perturbative EFT? This is a
particularly nagging question for few-nucleon systems, where a fully consistent chiral
EFT is still under development since the NN interaction is non-perturbative, leading
to heated discussions which of the proposed power countings is consistent. A reliable
uncertainty estimate is not just a cornerstone of the Effective Field Theory methodology.
To be able to falsify predictions of a theory is central to the Scientific Method. This talk
proposes a means to check the internal consistency of a non-perturbative expansion on a
semi-quantitative level.
One can indeed quantify the consistency of an EFT from the dependence of observables
O(k; Λ) at low momentum k on the cutoff Λ employed in numerical calculations [2]. This
way, one actually turns into an advantage the annoying fact that most nonperturbative
systems do not allow for closed-form calculations. The power-counting in the small,
dimension-less quantity Q ∝ k of an EFT predicts (up to logarithmic corrections)

1 −
O(k; Λ1)

O(k; Λ2)
∝

(

k

Λ̄EFT

)n+1

(2)

for a calculation at order Qn, where Λ̄EFT is the typical high-energy scale at which the
EFT description breaks down [3]. The slope of a double-logarithmic plot of a suitable
quantity against k reveals thus the order of accuracy n and an estimate of Λ̄EFT. In
contradistinction to a method proposed by Lepage [4], this approach does not compare to
data to assess uncertainties. The method is not the solution to all problems but another
arrow in the quiver. Its advantages and shortcomings are discussed with various examples,
including some from recent literature.

Supported in part by the US-Department of Energy under contract DE-FG02-95ER-
40907.
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4.19 Precise calculations of the deuteron quadrupole moment

F. Gross
Thomas Jefferson National Accelerator Facility, Newport News, VA, USA

Until recently, precision calculations of the deuteron quadrupole moment, Qd, have consis-
tently under-predicted its value by several percent, leaving the calculation of this quantity
an “unresolved problem” in few body physics. I will report on two recent calculations
that predict Qd to better than 1%. One of these uses chiral effective field theory and the
other uses the covariant spectator theory, and comparing these very different approaches
gives interesting insights into both of them.



4.20 Hyperons in nuclear matter studied in chiral EFT

J. Haidenbauera and Ulf-G. Meissnera,b
aInstitute for Advanced Simulation, Institut für Kernphysik and Jülich Center for Hadron Physics,

Forschungszentrum Jülich, Jülich, Germany
bHelmholtz Institut für Strahlen- und Kernphysik and Bethe Center for Theoretical Physics,

University of Bonn, Bonn, Germany

We present results for the in-medium properties of a hyperon-nucleon (Y N) interaction
derived within chiral effective field theory (EFT) and fitted to ΛN and ΣN scattering data.
The single-particle potentials for the Λ and Σ hyperons in nuclear matter are evaluated
in a conventional G-matrix calculation, and the Scheerbaum factor associated with the
hyperon-nucleus spin-orbit interaction is computed [1]. We consider a leading-order (LO)
Y N interaction published in 2006 which accounts well for the bulk properties of the ΛN
and ΣN system [2], and our recent Y N potential derived up to next-to-leading order
(NLO) in chiral EFT which provides an excellent description of the available low-energy
ΛN and ΣN cross sections and the inelastic capture ratio at rest [3].
The predictions for the Λ single-particle potential are found to be in good qualitative
agreement with the empirical values inferred from hypernuclear data. A depth of about
−25 MeV is predicted by the NLO interaction and of about −36 MeV by the LO potential.
The Σ-nuclear potential turns out to be repulsive, in agreement with phenomenological
information, with values around 15–20 MeV.
Empirical information suggests that the Λ-nucleus spin-orbit interaction should be rather
weak. Therefore, we investigate also the spin-orbit interaction and, in particular, the role
of the antisymmetric spin-orbit force in the Y N system. The chiral EFT approach yields
a potential that contains, besides pseudoscalar meson exchanges (π, K, η), a series of
contact interactions with an increasing number of derivatives. In this approach a contact
term representing an antisymmetric spin-orbit force arises already at NLO. It induces
1P1–

3P1 transitions in the coupled (I = 1/2) ΛN–ΣN system. The low-energy constant
associated with the contact term could not be pinned down by a fit to the existing ΛN
and ΣN scattering data as found in Ref. [3] and, thus, it was simply put to zero in that
work. However, it turns out that its value can be fixed from investigating the properties
of the Λ hyperon in nuclear matter and, specifically, it can be utilized to achieve a weak
Λ-nuclear spin-orbit potential [1].
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4.21 Studies of Λ-neutron interaction through polarization ob-
servables for final-state interactions in exclusive Λ photo-
production off the deuteron

Y. Ilievaa, N. Zacharioub, and Tongong Caoa [for the CLAS Collaborations]
a University of South Carolina, Columbia, SC, USA
b University of Edinburgh, Edimburgh, UK

Theoretical studies suggest that experimental observables for hyperon production reac-
tions can place stringent constraints on the free parameters of hyperon-nucleon potentials,
which are critical for the understanding of hypernuclear matter and neutron stars. We will
present preliminary experimental results for the polarization observables σ, Py, Ox, Oz,
Cx, and Cz for final-state interactions (FSI) in exclusive Lambda photoproduction off the
deuteron. The observables were obtained from data collected during the E06-103 (g13)
experiment with the CEBAF Large Acceptance Spectrometer in Hall B at Jefferson Lab.
The g13 experiment ran with unpolarized deuteron target and circularly- and linearly-
polarized photon beams with energies between 0.5 GeV and 2.5 GeV and collected about
5×??1010 events with multiple charged particles in the final state. To select the reaction
of interest, the kaon and Lambda decay products, a proton and a negative pion, were
detected in CLAS. Missing-mass technique was used to further reduce the event sample.
Final-state interaction events were selected by requesting that the reconstructed neutron
has a momentum larger than 200 MeV/c. The large statistics of E06-103 provided statis-
tically meaningful FSI event samples, which allow for the extraction of one- and two-fold
differential single- and double-polarization observables. In this talk we will show prelim-
inary results for a set of six observables for photon energies between 0.9 GeV and 2.3
GeV and for several kinematic variables in the Lambda-neutron center-of-mass frame.
Comparison with theoretical calculations will also be discussed. Our results are the very
first measurements of polarization observables for FSI in hyperon photoproduction and
will be used to constrain the free parameters of hyperon-nucleon potentials.

This work is supported in part by the U.S. National Science Foundation under grant
PHY-125782.



4.22 Antinucleon-nucleon interaction and the related hadron
physics

X.-W. Kanga, J. Haidenbauera, and Ulf-G. Meissnera,b
a Institute for Advanced Simulation, Jülich Center for Hadron Physics, and Institut für Kern-

physik, Forschungszentrum Jülich, Jülich, Germany
b Helmholtz-Institut für Strahlen- und Kernphysik and Bethe Center for Theoretical Physics,

University of Bonn, Bonn, Germany

The recent development of the antinucleon-nucleon (N̄N) interaction in chiral effective
field theory [1] will be reported and the phenomenological meson-exchange models (taking
Jülich model as an example) will be mentioned as well. With such potentials and the
distorted-wave Born approximation, we examine the influence of the antiproton-proton
(p̄p) interaction on the mass spectrum in various reactions containing the p̄p pair, e.g.,
J/ψ → γp̄p, ωp̄p, π0p̄p and e+e− ↔ p̄p. It turns out that the low-energy mass spectra
up to excess energy of 100 MeV for all the mentioned processes can be described by our
treatment of the final or initial state (p̄p) interactions. In J/ψ → γp̄p the quite prominent
peak near p̄p threshold is observed in BES experiment, and to describe it, a bound state
in isospin-1 1S0 is needed in our calculation [2]. The electromagnetic form factors of the
proton in the time-like region are also predicted [3]. The role of N̄N intermediate states
played in the ractions e+e− → multi-pions will be also discussed, which concerns for the
dip structure observed around N̄N threshold in the experiments.
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4.23 Applying Efimov physics to few nucleon systems

A. Kievsky
INFN–Pisa, Pisa, Italy

Efimov physics has been intensively studied in the L = 0, spatially symmetric state of
the three-boson system. In the case of three nucleons, the three and four-body systems
have a large symmetric component allowing the study of Efimov physics. To be recalled
in this context the large values of the singlet and triplet two-nucleon scattering lengths.
In this presentation we will show results for low energy observables using simple potential
models with variable strength. In this way the dependence with the triplet and singlet
scattering length values can be analyzed, in particular at the unitary limit, 1/a = 0. On
the other hand, at the physical values of the scattering length and using a three-body
force different observables can be quantitatively reproduced as the doublet and quartet
n− d scattering lengths, the low energy s-wave n− d phases and the binding energies of
the ground and excited states of the α particle. The impact in the six nucleon system
will be analyzed.



4.24 Chiral three-nucleon forces up to N4LO

H. Krebs
Ruhr University of Bochum, Bochum, Germany

Three-nucleon forces play very important role in few and many-body simulations of nu-
clei/nuclear reactions at low energy. Knowledge of their precise form might lead to reso-
lution of long standing puzzles in few-nucleon physics (e.g. Ay-puzzle in elastic nucleon-
deuteron scattering). Chiral effective field theory provides a systematically improvable
tool for their calculation. By now three-nucleon forces have been calculated up to N3LO
(partly up to N4LO) in chiral expansion. In my talk I will discuss the current status of
their construction and their ongoing implementation in few-body calculations.



4.25 Nuclear matter calculations with chiral interactions

D. Logotetaa and I. Bombacib,a
a INFN–Pisa, Pisa, Italy
b University of Pisa, Pisa, Italy

We calculate the energy per particle of symmetric nuclear matter and pure neutron matter
using the many-body Brückner-Hartree-Fock (BHF) approach and employing the Chiral
Next-to-next-to-next-to leading order (N3LO) nucleon-nucleon (NN) potential supple-
mented with various parametrizations of the Chiral Next-to-next-to leading order (N2LO)
three-nucleon force. Such combination is able to reproduce several observables of the
physics of light nuclei for suitable choices of the three-nucleon force parameters. We find
that some of these parametrizations, provide also resonable values for the observables of
nuclear matter at the saturation point.



4.26 The nucleon-nucleon interaction up to sixth order in the
chiral expansion

R. Machleidta, D. R. Entemb, N. Kaiserc, and Y. Nosyka

a Department of Physics, University of Idaho, Moscow, ID, USA
b Grupo de F́ısica Nuclear, IUFFyM, Universidy of Salamanca, Salamanca, Spain
cPhysik Department T39, Technische Universita̋t Műnchen, Garching, Germany

We have calculated the nucleon-nucleon (NN) 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, essentially,
cancels the excessive attraction of N3LO. The N5LO contribution turns out to be consid-
erably 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 (cf. Fig. 1).

Figure 1: Order-by-order evolution of the np phase shifts in the 1G4 and 3G5 partial waves.

Predictions from LO to N5LO are shown as denoted. The filled and open circles represent

results from NN phase shift analysis.
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4.27 Constraints on the chiral unitary KN amplitude from πΣK
photoproduction data

M. Mai and Ulf-G. Meissner
HISKP, University of Bonn, Bonn, Germany

A chiral unitary approach for antikaon-nucleon scattering in on-shell factorization is stud-
ied. We find multiple sets of parameters for which the model describes all existing hadronic
data similarly well. We confirm the two-pole structure of the Λ(1405). The narrow
Λ(1405) pole appears at comparable positions in the complex energy plane, whereas the
location of the broad pole suffers from a large uncertainty. In the second step, we use a
simple model for photoproduction of K+πΣ off the proton and confront it with the exper-
imental data from the CLAS Collaboration. It is found that only a few of the hadronic
solutions allow for a consistent description of the CLAS data within the assumed reaction
mechanism.



4.28 Causality constraint on bound states and scattering with
zero- range force, or do perturbative pions deserve another
chance?

V. Pascalutsa
Institut für Kernphysik, Johannes Gutenberg-Universität Mainz, Mainz, Germany

The present treatment of the nucleon-nucleon and few-nucleon forces in chiral effective
theory is semi-relativistic. One of the immediate diffculties of this description is that,
in accordance with Wigner’s causality bound, the leading-order (zero-range) interaction
yields zero effective range. This leads to the necessity of “promoting” the subleading three-
body force to leading order, in the pionless theory. It eventually becomes the major reason
for “non-perturbative pions”” I argue that these diffculties are absent in relativistically
causal theory. On a simple field-theoretic example [1, 2], I demostrate relativistic zero-
range potential scattering surpasses Wigner’s causality bound without violating causality
[3]. The relativistic theory exhibits a K-matrix pole necessarily accompanying the bound-
state solution. Possible implications of these results for the effective-
eld theory of nuclear forces will be discussed, time permitting.
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4.29 Quantum Monte Carlo calculations of electromagnetic mo-
ments and transitions in A ≤ 10 nuclei with two-body χEFT
currents

S. Pastore
University of South Carolina, Columbia, SC, USA

In this talk, I will present a number of Quantum Monte Carlo calculations of electromag-
netic observables in light nuclei (A ≤ 10) including electromagnetic moments, M1 and E2
transitions. These calculations use wave functions generated from nuclear Hamiltonians
with two- and three-nucleon realistic potentials. In addition to impulse approximation
terms, nuclear electromagnetic currents account for two-body operators derived from chi-
ral effective field theory. These studies show that many-body contributions in both nuclear
Hamiltonians and transition currents are crucial to reach agreement with the experimental
data.



4.30 Power counting of currents in effective field theory

M. Pavon Valderrama
IPN Orsay, Orsay, france

Effective field theories are generic descriptions of low-energy phenomena for which a fun-
damental theory is unknown or impractical to solve. The formulation of EFTs is grounded
on symmetries and power counting. While symmetries provide the connection with the
underlying theory, power counting — how to order the effective interactions from more
to less relevant — makes EFTs predictive and systematic. However power counting is in
general not trivial. For systems that are perturbative at low energies one can establish
the counting using naive dimensional analysis (NDA), which states that the dimensionful
couplings of EFT scale as powers of M. But when low energy physics is non-perturbative,
the choice of a counting that is theoretically consistent and phenomenologically accept-
able is a much more involved task. For nuclear physics, which is non-perturbative (e.g.
the deuteron), NDA fails. Yet we know now how to organize the counting, though until
recently only in the two-body sector.
In this contribution we explain how to extend power counting to reactions involving an
external probe – such as a photon, electron or neutrino – and two nucleons. We use
renormalization group analysis (RGA) as the tool to determine the size of nuclear two-
body currents. The findings we made are compatible with well-known observations in the
previous literature, for instance, the necessity of a two-body current in radiative neutron
capture or that deuteron form factors can be explained to good accuracy without con-
tact two-body currents. In the pionless case we find that there are important departures
from NDA in a few reactions, particularly those involving the 1S0 singlet channel, indi-
cating that many previous EFT calculations could be improved by taking these changes
in consideration.



4.31 Scattering cluster wave functions on the lattice using the
adiabatic projection method.

A. Rokasha, M. Pineb, S. Elhatisarib,c, D. Leeb, E. Epelbauma, and H. Krebsa
a Institut für Theoretische Physik II, Ruhr-Universität Bochum, Bochum, Germany,
b Department of Physics, North Carolina State University, Raleigh, NC, USA,
c Helmholtz-Institut für Strahlen- und Kernphysik (Theorie) and Bethe Center for Theoretical

Physics, Universität Bonn, Bonn, Germany

The adiabatic projection method is a general framework for obtaining low-energy effec-
tive Hamiltonian for clusters. Previous studies [1, 2] have used the adiabatic projection
method in combination with the finite-volume energy Lüscher method to extract scat-
tering phase shifts. We discuss several methods to calculate elastic phase shifts directly
from asymptotic cluster wave functions obtained from the effective cluster Hamiltonian
for examples in one and three dimensions. This approach is less sensitive than the finite-
volume energy Lüscher method to stochastic and systematic errors which appear in the
application of the adiabatic projection method.
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4.32 Study of the electroweak processes in the two and three-
nucleon systems with local chiral forces

R. Skibiński, J. Golak, H. Wita la, and A.E. Elmeshneb
M. Smoluchowski Institute of Physics, Jagiellonian University, Cracow, Poland

In the recent decade the chiral Effective Field Theory (χEFT) has proven its predictive
power in low energy nuclear physics. Within this approach the two- and three-nucleon
(3N) forces have been derived perturbatively in a consistent manner [1, 2]. The three-
nucleon force (3NF) occurs for the first time at the next-to-next-to leading order (N2LO)
of chiral expansion. Inclusion of N2LO 3NF to study three-nucleon processes has revealed
an overall good agreement between theoretical predictions and data [3]. The quality of
data description is similar to those obtained with semi-phenomenological potentials. The
remaining discrepancies are partially related to poor spin structure of these chiral forces.
The further improvement in data description is expected when higher order chiral forces
will be taken into account. Unfortunately, the 3NF at the next order (N3LO) has much
more complex structure [4, 5] and its inclusion in theoretical studies is much more chal-
lenging. In recent papers [6, 7] we have studied the role of full chiral N3LO 3NF in a
description of the nucleon-deuteron elastic scattering and the deuteron breakup and found
no improvement in data description. Moreover unnaturally large values of the two free
parameters (low energy constants) of this 3NF have to be used to describe 3H binding
energy and the neutron-deuteron doublet scattering length.
The studies [6, 7] already accelerated work on the new generation of chiral NN and 3N
forces. Recently, the improved chiral NN potentials up to N3LO [8] and N4LO [9] have
been derived by E.Epelbaum and collaborators. The most interesting feature of theses
forces is a substantial reduction of the cut-off artifacts in comparison with the older models
used in Refs. [6, 7].
In this contribution the first results obtained with these very new forces up to N4LO for
the deuteron photodisintegration process, the nucleon-deuteron radiative capture and the
muon capture on the 3He will be reported. Since the consistent chiral nuclear electro-
magnetic and weak currents are not available yet, we have included the electromagnetic
meson exchange currents via the Siegert theorem.
In all cases the convergence of the theoretical predictions in respect to chiral expansion
as well as the dependence of predictions on cut-off parameters of the used forces will be
discussed.
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4.33 Experimental tests of nuclear interaction models in few-
nucleon systems

E. Stephana and St. Kistrynb

a Institute of Physics, University of Silesia, Katowice, Poland
b Institute of Physics, Jagiellonian University, Cracow, Poland

Systems of three nucleons can serve as a validation tool for the modern approaches to
describe nuclear interaction. At the first stage the investigations were mainly focused
on elastic nucleon-deuteron scattering, slowly extending to systematic measurements of
the deuteron breakup reaction [1, 2, 3]. Intermediate energies, below the threshold for
pion production, deserve special attention: it is the region where comparison with exact
theoretical calculations is possible, while the sensitivity to various aspects of interaction,
like subtle effects of the dynamics beyond the pairwise nucleon-nucleon force, Coulomb
interaction between protons, or relativistic effects, is significant. In addition to differential
cross section, the observables related to nuclear polarization are studied, like vector and
tensor analyzing powers, spin-correlation coefficients or polarization transfer coefficients.
All these effects vary with energy and appear with different strength in certain observables
and phase space regions, what calls for systematic investigations of a possibly rich set of
observables determined in a wide range of energies.
Recently, the data base for the reaction of deuteron breakup in collision with proton has
been significantly enriched in the domain of medium energies. High precision experimental
data for cross section, vector (proton) analyzing power and vector and tensor (deuteron)
analyzing powers were collected with detection systems covering large part of the phase
space of the 1H(~d,pp)n and 2H(~p,pp)n reactions. Usage of the multidetector systems
with significant solid angle coverage provides not only very rich data sets but also good
opportunities for controlling consistency of the results.
The experimental results are compared with the theoretical predictions, in which the
full dynamics of the three-nucleon (3N) system is obtained in different ways: Realistic
nucleon-nucleon (NN) potentials are combined with model 3N forces or with an effective
3N interaction resulting from the explicit treatment of the ∆-isobar excitation. Alter-
natively, the chiral perturbation theory approach is used: At the next-to-next-to-leading
order with all relevant NN and 3N contributions taken into account, while at the next
order (N3LO) without taking into account the corresponding 3NF contributions.
The next step in complication of the system are studies of reactions involving 4 nucleons -
more sensitive, as expected, to subtle dynamics beyond the pairwise interaction. A survey
of recent and planned experiments in the 3- and 4-nucleon systems will be given.
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4.34 Subtractive renormalization and scaling in low-energy few-
body physics

L. Tomioa and T. Fredericob

a Universidade Federal do ABC, São Paulo, SP, Brazil
b Instituto Tecnologico de Aeronautica, Sao Jose dos Campos, SP, Brazil

Renormalized fixed-point Hamiltonians are formulated for systems described by interac-
tions that originally contain point-like singularities (as the Dirac-delta and/or its deriva-
tives). They express the renormalization group invariance of quantum mechanics. The
approach has been applied in the study low-energy scattering observables, such as the
nucleon-nucleon interaction with one pion exchange potentials, as well as bound-state
systems. In case of low-energy bound-state systems, this subtractive procedure was found
convenient to introduce the scales in formalisms with zero-range interactions, when renor-
malizing the theory. Of particular interest in recent years has been the studies of neutron-
rich light nuclei, with two-neutron halos and a core, dominated by s-wave short-range
two-body interactions. In this case, the observables are expressed by universal scaling
laws obtained in the limit of a renormalized zero-range force, expected to be model in-
dependent for large halos. The corresponding scaling functions are determined by the
neutron-neutron and neutron-core low-energy information, such as scattering lengths and
short-range parameters. By using recent experimental data, which constrain the two-
neutron separation energy, we study the core momentum distribution for large halo nuclei,
like Lithium-11, Carbon-20 and Carbon-22.



4.35 Resonances in coupled-channel scattering from lattice QCD

D. Wilson
Old Dominion University, Norfolk, VA, USA

Recently it has become possible to obtain coupled-channel scattering amplitudes using
lattice QCD. Using a large basis of operators we are able to obtain a reliable finite volume
spectrum describing the coupled π−K, η−K system. Utilising the finite volume formalism
proposed by Luescher and extended by several others, we are able to describe the spectra
from each lattice symmetry group and this enables constraints to be derived for S, P and
D–wave scattering. We find resonant scattering amplitudes and investigate their structure
in the complex plane, finding poles that display a pattern similar to the physical K⋆(892),
K⋆

0(1430) and K⋆
2(1435) resonances.



4.36 Elastic nucleon-deuteron scattering and breakup with chi-
ral forces

H. Wita laa, J. Golaka, R. Skibińskia, K. Topolnickia
a M. Smoluchowski Institute of Physics, Jagiellonian University, Cracow, Poland

Comparison of theoretical predictions based on a nucleon-nucleon potential with data for
elastic nucleon-deuteron (Nd) scattering and nucleon induced deuteron breakup reveals
the importance of the three-nucleon force (3NF). Inclusion of semi-phenomenological 3NF
models into calculations in many cases improves the data description. However, some
serious discrepancies remain even when 3NF is included.
At low energies the prominent examples were found for the vector analyzing power in
elastic Nd scattering and for the neutron-deuteron (nd) breakup cross sections in neutron-
neutron (nn) quasi-free-scattering (QFS) and symmetric-space-star (SST) geometries [1].
Since both these configurations depend predominantly on the S-wave nucleon-nucleon
(NN) force components, these cross section discrepancies have serious consequences for
the nn 1S0 force component.
At energies above ≈ 100 MeV current 3NF’s only partially improve the description of data
for cross section and spin observables in elastic Nd scattering and breakup. The complex
angular and energy behavior of analyzing powers, spin correlation and spin transfer coef-
ficients fails to be explained by standard nucleon-nucleon interactions alone or combined
with current models of 3NF’s [2, 3].
One of the reasons for the above disagreements could be a lack of consistency between
2N and 3N phenomenological potentials used or/and omission of important terms in the
applied 3NF. The Chiral Effective Field Theory approach provides consistent two- and
three-nucleon forces. The 3NF occurs for the first time at next-to-next-to leading order
(N2LO) of chiral expansion. The chiral NN potentials have been constructed up to N4LO
order of chiral expansion [4]. TheN3LO and N4LO NN forces when used in 3N calculations
provide description of NN data of the same quality as standard, realistic NN potentials.
The chiral 3NF at N3LO, derived recently, consists of long range parts with the 2π-
exchange, 1π-2π and ring terms [5] and a short-range contributions 2π-contact and rela-
tivistic corrections of order 1/m [6]. This is supplemented by 1π- and 3N- contact terms.
Preliminary results obtained with chiral forces for elastic Nd scattering and breakup will
be presented.

References
1. H. Wita la et al., Phys. Rev. C 83, 034004 (2011).
2. Y. Maeda et al., Phys. Rev. C 76, 014004 (2007).
3. K. Sekiguchi et al., Phys. Rev. C 79, 054008 (2009).
4. E. Epelbaum et al., arXiv:1412.4623.
5. V. Bernard et al., Phys. Rev. C 77, 064004 (2008).
6. V. Bernard et al., Phys. Rev. C 84, 054001 (2011).



4.37 Nuclear electric dipole moment of light nuclei in the Gaus-
sian expansion method

N. Yamanaka
iTHES Research Group, RIKEN, Wako, Japan

The nuclear electric dipole moment is a very sensitive probe of CP violation beyond
the standard model, and for light nuclei, it can be evaluated accurately using the few-
body calculational methods. In this work, we evaluate the electric dipole moment of the
deuteron, 3He, 3H, 6Li, and 9Be in the Gaussian expansion method with realistic nuclear
force, and assuming the one-meson exchange model for the P, CP-odd nuclear force. We
then give the future prospects for BSM models such as the supersymmetry within the
prospective experimental sensitivity.



5 Poster Session



5.1 Glueball Decay in the Witten-Sakai-Sugimoto model

F. Brünner, D. Parganlija, and A. Rebhan
Institute for Theoretical Physics, Vienna University of Technology, Vienna, Austria

I present new results on glueball decay rates in the Sakai-Sugimoto model, a holographic
top-down approach for QCD with chiral quarks based on a probe-brane construction
within Witten’s holographic model of nonsupersymmetric Yang-Mills theory. We calcu-
lated [1] rates for decays into two pions, two vector mesons and four pions, using a range of
the ’t Hooft coupling which closely reproduces the decay rate of ρ and ω mesons and leads
to a value for the gluon condensate consistent with QCD sum rules. We concluded that
the holographic mode corresponding to the lowest excitation of a dilatonic scalar provides
a narrow glueball state in the right mass range for an identifiation with f0 (1500) or f0
(1710), while the results actually favour the latter as a glueball candidate. This conclu-
sion receives further support from our latest work [2] on implementing finite masses for
pseudoscalar mesons by extrapolating from the calculable vertex of glueball fields and the
η′ meson, which is a consequence of the Witten-Veneziano mechanism. In line with the
mechanism of chiral suppression [3], we found a considerable enhancement of the decay
of scalar glueballs into kaons and the η meson, in close agreement with experimental data
on f0 (1710).
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5.2 Status of chiral-scale perturbation theory

R. Crewthera and L. Tunstallb
a University of Adelaide, Adelaide, Australia
b University of Bern, Bern, Switzerland

We observe that flavor current conservation constrains the structure of chiral-scale pertur-
bation theory ChPTσ. This theory addresses the disagreement between experiment and
lowest order chiral SU(3)×SU(3) perturbation theory (ChPT3) for amplitudes involving
the f0(500) resonance and O(mK) extrapolations in momenta. In ChPTσ, it is assumed
that 3-flavor QCD has an infrared fixed point where the chiral condensate induces nine
Nambu-Goldstone bosons: π, K, η and a QCD dilaton σ which we identify with f0(500).
In the leading order of ChPTσ, dilaton-pole dominance explains the ∆I = 1/2 rule in
nonleptonic K-decays. The effect of the simplification noted above is that the theory
becomes more predictive for the decays σ → ππ and σ → γγ and hence for the σNN
coupling.



5.3 Muon capture on the deuteron

A.E. Elmeshneb
Institute of Physics, Jagiellonian University, Krakow, Poland, and Physics Department, Sohag

University, Sohag, Egypt

The study of few-nucleon system is interesting and important. It gives a microscopic
description of complex systems within the framework of modern concepts of nucleon-
nucleon and many-body interactions. Using the muon capture process is an ideal tool to
study few-nucleon systems. In this work we plan to investigate the µ− + d→ νµ + n+ n
capture reaction. This reaction is interesting for several reasons. First of all, it offers a
testing ground for the nuclear wave functions, which for any nucleon-nucleon (NN) forces
can be constructed for such light systems with great accuracy. This reaction, is treated
as the decay of the corresponding muonic atom, with the muon initially on the lowest K
shell. The muon binding energy in this atom can be safely neglected and in the initial
state we deal essentially with the deuteron and muon at rest. The general formalism for
dealing with electroweak reactions on the deuteron will be presented. We will concentrate
on the nuclear matrix elements of the corresponding weak current operator calculated in
the momentum space within partial wave decomposition scheme. In the current operator
apart from the relatively well known single nucleon contributions, the two-nucleon parts
(generated by various meson exchange) play an important role. Their details are not well
known and several models should be considered [1]. We will employ various models of
NN and 3N forces, such as the Bonn B [2] or chiral NNLO potentials [3]. Additionally,
we will be able to use for the first time the so-called “improved” chiral nucleon-nucleon
potentials from the Bochum-Bonn group [4] for the µ− +d→ νµ +n+n capture reaction,
we will show our predictions for all the available five orders of the chiral expansion and for
all the five regulators at each order. The estimate of the total decay rates and differential
capture rates as a function of the neutron momentum will be presented in a comparison
with the experimental data. The decay rates will be investigated in the energy spectrum
of the omitted neutrinos. Our results with the single nucleon currents look already very
promising and we hope for the improvement in the description of the experimental data,
when dominant two-nucleon current operators are included in our framework.

References
1. L.E. Marcucci et al., Phys. Rev. C 83, 014002 (2011).
2. R. Machleidt, Adv. Nucl. Phys. 19, 189 (1989).
3. E. Epelbaum, Prog. Part. Nucl. Phys. 57, 654 (2006).
4. E. Epelbaum, H. Krebs, Ulf-G. Meissner, arXiv:1412.0142 [nucl-th] (2014).



5.4 Single and double Dalitz decays of η and η′ through rational
approximants

S. González-Soĺıs
Grup de F́ısica Teòrica (Departament de F́ısica) and Institut de F́ısica d’Altes Energies (IFAE),

Universitat Autònoma de Barcelona, Barcelona, Spain

I will analyze the anomalous single and double Dalitz decays of the neutral pseudoscalar
mesons, P → ℓ+ℓ−γ and P → ℓ+ℓ−ℓ+ℓ− (P = π′, η, η′ ; ℓ = e or µ), employing a model-
independent transition form factor (TFF) of the Pγ∗γ(∗) vertices built up, through the
use of rational approximants, from the current experimental data of the space-like TFF
γ∗γ → P . Predictions for the branching ratios and the spectra will be given and compared
with present experimental status.
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5.5 Chiral symmetry breaking and monopoles

A. Di Giacomoa, M. Hasegawab, and F. Puccic

a University of Pisa, Department of Physics and INFN–Pisa, Pisa, Italy
b Joint Institute for Nuclear Research, Bogoliubov Laboratory of Theoretical Physics, Dubna

(Moscow), Russia
c Service 3BIO, Universite Libre de Bruxelles, Brussels, Belgium

In previous works we have shown the relation between chiral symmetry breaking, instan-
tons, and monopoles by adding the monopoles to quenched SU(3) configurations [1, 2].
We found that (i) one pair of monopoles makes one instanton. (ii) the monopole pair
induces chiral symmetry breaking. This was done by measuring the chiral condensate
computed from the eigenvalues and eigenvectors of the Overlap Dirac operator.
In this study, we compare the low-lying (improved) eigenvalues λi of the Overlap oper-
ator with the prediction of the random matrix theory [3, 4]. First, we perform a scale-
independent test using the low-lying eigenvalues as in Ref. [5]. Our results are consistent
with their results and the prediction of the random matrix theory (RMT).
Next, we add one pair of monopoles with charges mc varying from zero to four, to the
SU(3) quenched configurations, and compare the low-lying eigenvalues with the prediction
of the random matrix theory. We find that the results of the scale-independent tests are
consistent with the prediction of the random matrix theory as shown in Fig. 1 (λj < λk,
1 ≤ j, k ≤ 4, j 6= k). Therefore, the added pair of monopoles does not affect the
spectra of the Overlap Dirac operator. Moreover, we show that the spectral density ρ(λ)
increases with the monopole charges mc as shown in Fig. 2. These results indicate that
the monopoles are related to the chiral symmetry breaking.
We are presently calculating the chiral condensate, and the Banks-Casher relation. In
this talk, we would like to present preliminary results showing the relation between the
chiral symmetry breaking and monopoles.
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Figure 1: These figures are the same as Figure 2 in Ref. [5], and show the conformity with the

random matrix theory. The lattice is V = 144, β = 6.00. RMT is indicated the results computed

from the random matrix theory.
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Figure 2: The spectral density ρ(λ) except the zero eigenvalues. The lattice is V = 144, β = 6.00.
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5.6 Hyperon forward spin polarizability γ0 in baryon chiral per-
turbation theory

A. Hiller Blina, T. Ledwiga, V. Lyubovitskijb, and T. Gutscheb
a IFIC, University of Valencia, Valencia, Spain
b University of Tübingen, Tübingen, Germany

We present the calculation of the hyperon forward spin polarizability γ0 using manifestly
Lorentz covariant baryon chiral perturbation theory including the intermediate contribu-
tion of the isospin-3/2 states. As at the considered order the extraction of γ0 is a pure
prediction of chiral perturbation theory and does not depend on renormalization schemes,
the obtained values are a good test for this theory. Our results have a very good agreement
with the experimental data for nucleons. Therefore we extend our frame to hyperons to
give predictions to their γ0 values.



5.7 Hypernuclear decay of strangeness −2 hypernuclei

J. Maneu, A. Parreno, and A. Ramos
University of Barcelona, Barcelona, Spain

Since the discovery in 1952 of the first strange fragment in emulsion chamber experiments,
many efforts have been put in extending our knowledge of the nuclear chart, including
the SU(3) sector. Worldwide, the study of the interactions among nucleons and hyperons
has been a priority in the research plan of many experimental facilities. After more than
sixty years of Λ-hypernuclear studies, some attention has moved to more strange systems,
with the production of ΛΛ-hypernuclei and more recently, with proposals to study Ξ-
hypernuclear spectroscopy.
Our main objective is to calculate the decay rate for the weak decay of ΛΛ-hypernuclei,
including all the intermediate baryonic channels allowed by the strong interaction. I will
focus on the analysis of the decay induced by the Λ hyperon, i.e., starting with a ΛΛ pair.
The weak decay mechanism describing the two-body weak interaction is modelled by the
exchange of mesons belonging to the ground state of pseudoscalar and vector octets. The
tree-level values for the baryon-baryon-meson coupling constants are derived using SU(3)
symmetry for pseudoscalar mesons and the Hidden Local Symmetry for vector mesons. In
the computation of the decay rate, the effects of the strong interaction on the initial state
are introduced through the solution of a G-matrix equation, with the input of realistic
baryon-baryon potentials, while the final hyperon-nucleon wavefunctions are obtained in
an analogous way, by solving the corresponding T -matrix equation.



5.8 Understanding pion through QCD

R. Khepani and A. Bashir
University of Michoacan, Morelia, Mexico

We present recent advances in the study of the Pion structure through Dyson–Schwinger
Equations, the equations of motion of QCD. In particular, we discuss the neutral pion
to two photons transition form factor, a problem which involves careful parametrizations
of the quark propagator and Bethe–Salpeter Amplitudes. This calculation is relevant for
future experiments to be conducted at Belle II.



5.9 Roper mass in chiral perturbation theory

X.-L. Rena,b

a Beihang University
b Institut de Physique Nucléaire Orsay, Orsay, France

Understanding the nature of the Roper resonance is of particular interest. Its mass, for
example, shows a very unusual pattern: it is lower than the negative parity state N(1535).
Also, the Roper is expected to play a role in low energy observables due to its closeness
to the nucleon and ∆(1232).
We report on a systematic study of the nucleon, ∆(1232), and Roper masses in heavy
baryon chiral perturbation theory up to next-to-next-to-leading order. For the first time,
the contributions due to the mixing between the nucleon and the Roper allowed by chiral
symmetry are taken into account. Recently, several lattice QCD collaborations have
reported some results on the Roper mass, assuming this particle is always stable. A chiral
extrapolation of these data will also be shown as an application of our results.
This work is done in collaboration with V. Bernard, U. van Kolck, L.S. Geng, and J.
Meng.



5.10 The a0(980) revisited

T. Wolkanowskia, F. Giacosaa,b and Dirk H. Rischkea
a Goethe-Universität Frankfurt am Main, Frankfurt am Main, Germany
b Jan Kochanowski University, Kielce, Poland

A way to understand the light scalar sector of hadron physics is by applying a type of
dynamical generation in which additional resonances arise as companion poles from quark-
antiquark seed states by incorporating mesonic loops at the level of S-wave propagators
[1, 2, 3]. Along this line, we first repeat and complete the calculations of previous works
of Törnqvist and Roos (TR) and Boglione and Pennington (BP), where the resonance
a0(980) appears as an additional pole of the propagator of the predominately quark-
antiquark state a0(1450). Both works were important as they demonstrated the feasibility
of the idea of companion poles – however, we show that in TR, the same as in BP, the
pole width of both states is too large by a factor of 2 when compared to data, and that
in BP the pole mass of a0(1450) is too large of about 400 MeV.
We then construct an effective model Lagrangian for a0(1450) coupling to pseudoscalar
mesons with both non-derivative and derivative interactions, and calculate its propagator.
We demonstrate that it is indeed possible to obtain two poles, one for a0(980) and one for
a0(1450), in good agreement with data, thus showing that the mechanism of companion
poles can deliver not only qualitative but also quantitative correct results.
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