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1. Nuclear forces in chiral effective field theory

One of the most important questions in nuclear physics isthewucleons as the constituents
of nuclei interact with each other? Already 1935 Yukawa madattempt to explain the nature
of the nucleon-nucleon interaction by a virtual meson ergeabetween nucleons [1]. Later the
discovery of pions and heavier mesons laid a foundationestonthe development of highly so-
phisticated phenomenological models for nuclear forceshwyere motivated by the original idea
of Yukawa. In the two-nucleon sector they give a perfect dpson of the experimental data at
the cost of often more than 40 unknown parameters fixed franfitho data. In the three-nucleon
sector it is probably not feasible to follow a similar pherammlogical path. Rich spin-isospin
structure allows much more possibilities to parametetimetiiree-nucleon force leading to much
more unknown constants which can hardly be fixed from theraxgatal input.

In order to improve our understanding of nuclear forces wedrte learn how they are con-
nected to the underlying theory of strong interaction, QuenChromo Dynamics (QCD). In the
above mentioned phenomenological models this connediobviously missing. From the QCD
point of view, nuclear forces are given as residual intéoadbetween hadrons described by quark-
gluon dynamics. However, in the low energy sector far belogvdhiral scale\y, ~ 1GeV quarks
and gluons are not the most efficient degrees of freedom &ddscription of nuclear processes.
Nuclear forces in this region are largely driven by chiraldatone boson dynamics which appears
due to spontaneous and explicit breaking of chiral symmiet®CD. In the SU2) scenario the
Goldstone bosons can be interpreted as pions which getntiasis due to explicit chiral symmetry
breaking by the small up and down quark masses. Since pienS@dstone bosons, their inter-
action vanishes with vanishing four-momenta. This faaivedl us to construct an effective field
theory (EFT) with nucleons and pions as degrees of freedahtr@nsame underlying symmetries
of QCD in form of a perturbative expansion in low external nesta and pion mass divided by
hard scale\, ~ 1GeV [2, 3]. In this systematically, order-by-order impable approach called
chiral perturbation theory (ChPT) we get both a direct catinas to QCD and a description in
efficient hadronic (rather than quark) degrees of freedorodmgtruction.

In the pure meson and one-nucleon sectors, ChPT has beetowsdcllate various processes
like form factors, pion-nucleon, Compton scattering esee([4] for a recent review). In the two
and more nucleon sector additional problem appears whiek dot allow to use ChPT as just a
perturbation theory. Almost two decades ago we learned fr@rseminal paper of Weinberg [5]
that diagrams with two (or more) nucleon cuts violate the @ogounting of ChPT. As a solution
to this problem he suggested to define an effective potewtiath per construction should not
have any two (or more) nucleon cuts and thus can be calcybeigdrbatively to a desired order by
using chiral EFT. In order to describe a given nuclear proeesneed to solve Lippman-Schwinger,
Faddeev or Faddeev-Jakubowsky equations numericalli ¢t previously constructed effective
potential as input) in the two-, three-, four- and more-eoal sector, respectively.

This path has been followed in the last two decades by segeoalps. Chiral effective
nucleon-nucleon (NN) potential has been constructed ugexb-to-next-to-next-to-leading-order
(N3LO). At this order 24 unknown low-energy-constants (LEG@shing from short range NN con-
tact interactions have been fitted to the proton-neutrotiesaag phase-shifts obtained from the Ni-
jmegen partial wave analysis (PWA) [6, 7]. ABNO the chiral effective NN potential describes the
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Nijmegen data almost as good as other phenomenologicahtfate The three-body forces have
been analyzed numerically only up t#IND. At this order there appear two additional short-range
LECs which have been fitted e.g. to the binding energitband S-wave doublet neutron-deuteron
scattering length. At RLO the description of three-body observables is in somescsagisfactory.
The results for the differential cross section of elastiatren-deuteron scattering e.g. are in good
agreement with experimental data. On the other hand thersoane observables which are rather
poorly described at this order even at low energies. One plainthe so-called symmetric space-
star configuration in neutron-deuteron break up reactionthis configuration, the plane in the
CMS spanned by the outgoing nucleons is perpendicular tbeéhen axis, and the angles between
the nucleons are 120At Ej5, = 15MeV theoretical calculations based on both phenomerezlbg
and chiral nuclear forces are unable to describe the datar¢sent reviews [9, 10] for extensive
discussion). There is however a hope of improvement orit€®Nhree-body forces are included.

2. N3LO chiral three-nucleon force

An interesting point about the 3O contributions to chiral three-nucleon forces is the ab-
sence of additional LECs at that order. Their potential apgrece is just prevented by the un-
derlying symmetries of QCD. Rich spin-isospin structurehef N°LO contributions makes them
also promising to resolve the discrepancies in the degamif some until now poorly described
three-nucleon observables.

The NBLO contributions can be divided into two parts. The first pajiven by long-range
contributions which include following contributions:

e Two-pion exchange (@ graphs (see graph (a) in Fig. 1) which have been considered b
Ishikawa and Robilotta [11] using the so-called infraregutarization method and by our
group [12] in the framework of unitary transformations.

e Two-pion-one-pion exchange 2- 1) graphs which are visualized by graph (b) in Fig. 1.
e Three-pion exchange so-called ring diagrams which areaiiimd by graph (c) in Fig. 1.

Analytic expressions of all these contributions can be tbim[12]. The second part is given by
shorter-range contributions which is visualized by grafisand (e) in Fig.1 and corresponding
1/m corrections (withm the nucleon mass). Their construction has been by now fidisinel
will be published elsewhere. It is important to note that ¢eastruction of the RLO forces is
unique only modulo unitary transformations. In the staitiitl however, the natural choice of
unitary transformation is entirely dictated by renormaltitity requirement of the three-nucleon
forces [13]. One can even speculate that in general an efgmtential in the static limit is unique
once we additionally require its renormalizability.

3. Chiral EFT with Aisobar degrees of freedom

In the standard chiral EFT discussed so far only pions anteans are treated as dynamical
degrees of freedom. All other resonances like A.gr p are integrated out and their contributions
are encoded in the LECs. In this scheme pion four-mom@&ndad masd;; are treated as a soft
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Figure 1: Various topologies that appear in the three-nucleon foré¢*aO. Solid and dashed lines repre-
sent nucleons and pions, respectively. Shaded blobs ametresponding amplitudes. The long-range part
of the three-nucleon force considered in this paper caneigta) 21 exchange graphs, (by21m diagrams
and the ring diagrams (c). The topologies (d) and (e) invéba-nucleon contact operators and are of
shorter range.

scale and the mass differenfie= my — my between the lightest baryakresonance and nucleon
as a hard scale which is assumed to be of the same size as thksgimmetry breaking scale
Ny ~1GeV:

Q~ My A=293MeV. (3.1)

One can still argue that scales of the orde~0800MeV can be treated as a soft scale. In this
case one has to introduce thalegrees of freedom explicitely into the theory and enlahgeset
of expansion parameters by the delta-nucleon mass ditfefem:

This expansion is known in the literature as the small scgbamsion (SSE) [14]. Integrating out
of A degrees of freedom leads often to an enlargement of LECs.elfi happens with thermNN
LECsc3 andc, which are saturated by theisobar and are known to be unnaturally large. In the
theory with explicitA, however, they have natural size. Therefore the unnatatatgement ot;’s
in the delta-less theory can be explained by lakgmontributions which get absorbed by thés.

The appearence of unnaturally large LECs in an EFT can dgailoinvergence. This can be
seen in the chiral effective potential: subleading-oramtigbutions to chiral Z-exchange potential
in the A-less theory appear to be larger than the leading one. Frisnpoimt of view, the explicit
inclusion ofA isobar is well motivated: One can expect the LECs to be ofrabtize and the SSE
of chiral nuclear forces to possess a natural convergence.

4. Chiral nuclear forces with explicit A isobar

Consideration of chiral nuclear forces with explititsobar started more than one decade ago.
Ordonez et al. [15] and Kaiser et al. [16] constructed legqdinesonance contributions to the chiral
nuclear forces. They have shown that the large®l contributions to the &-exchange potential
in the standard chiral EFT are shifted to NLO such that theidan contribution to the nuclear
forces appear already at NLO in tiefull scenario. In the standard chiral EFT three-nucleon
forces start to contribute atNO. This changes in &-full theory where the first three-nucleon
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Figure 2: Tree graphs for pion-nucleon scattering at NLO. The fillettles/squares denote lead-
ing/subleading vertices. Crossed graphs are not shown.

contribution starts already at NLO and is given by the wethkn Fujita-Miyazawa force [18, 19].
Recently we calculated the subleadifigesonance effects [17] which contribute t8LNXD chiral
nuclear forces. An interesting point is that aLXD there are no corrections to the three-nucleon
forces coming fromA isobar excitations: all possible NNINcontact interactions are forbidden
by the Pauli exclusion principle. The forces constructetiafibuilding blocks with that contact
interaction disappear after antisymmetrization. So tHg non-zeroA resonance contribution to
the three-nucleon forces upt@D is given by the Fujita-Miyazawa force [20].

In order to discuss numerical results for thdull forces upto NLO we need to fix all the
unknown constants which appear at this order. These argnggadd subleading combination of
the pion-nucleon-delta coupling constahisandbs + bg, respectively, and;,i = 1,2, 3,4, from
1N sector. We fixed them in two different fits to the S- and P-wéweghold parameters of pion-
nucleon scattering calculated upto second order in SSEdiBlggams contributing to this order are
shown in Fig. 2. In the first fit we take largé value for

_ 30
22
wherega = 1.27 is the nucleon axial vector coupling, and fitted all othenstants to various

threshold parameter. In the second fit we ugge: 1.05 which has been extracted from the Heavy-
BaryonA-width analysis in the static limit [14] and is consistentmguark model relation.

ha ~ 1.34,

Y
5v2

Numerical values for various LECs determined in this way given in Table 1. Note that the
constantsz andcy are strongly reduced in thte-full theory which is consistent with our previous
considerations. With these constants we found for all éffed\NN potentials much better conver-
gence compared with the potentials in delta-less theory [E€] for extensive discussion). The
same behavior can be seen in peripheral partial waves (Ge&Fe- and3F4-partial waves within
A-full and A-less theories in comparison with the Nijmegen and Virgireah PWA in Fig. 3). Note
that although the convergence in thdull theory is much better than in th&less one, the overall
N2LO results in both formulations are very similar.

ha ~ 1.07.
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LECs 2, no& o2, fit 1 Q2, fit 2 Q3 noA [21], fit 2
C1 —-0.57 —-0.57 —-0.57 —1.424+0.03
C2 2.84 —-0.25 0.83 3.13+0.04
C3 —-3.87 —-0.79 —1.87 —558+0.01
Cs 2.89 1.33 1.87 3.50+£0.01
ha - 1.34 1.05F -

bz +bg - 1.40 2.95 -

Table 1: Determinations of the LECs from S— and P—wave thresholdpaters infiN scattering based on
the Q? fits with and without explicith’s. LECs used as input are marked by the star. Also shown are th
values determined in Ref. [21] from fit 2 @ without explicitA’s (the errors given are purely statistical and
do not reflect the true uncertainty of the LECs). The LECandbs + bg are given in GeV?.
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Figure 3: 3Fs- and3F;-wave NN phase shifts. The dotted curve is the LO predictien based on the
pure one-pion-exchange potential). Dashed double-d@iteshed) and solid (dashed-dotted) lines show the
NLO and NLO results with (without) the expliciA-contributions. The filled circles (open triangles) depict
the results from the Nijmegen multi-energy PWA [6, 7] (Virig Tech single—energy PWA [8])

4.1 Leading isospin-breakingA isobar contributions

To estimate the size of isospin-breaking effects we alsdietisospin-breaking contributions
to chiral NN forces withimA-full theory at leading order. In this presentation we cartice only on
charge symmetry breaking (CSB) contributions to nucleere®. For the full discussion see [22].

The leading CSB contributions to the nuclear force in Mfull theory are proportional to
the nucleon- and-mass splittings. At leading order there are electromagaeid strong isospin-
breaking contributions to th&-mass splittings. While both of them contribute to the etptight
splitting 5m§ in the A quartet, the non-equidistant splittirzﬁgrﬁ is of pure electromagnetic origin.
To estimate the values of tlemass splittings we proceeded in two ways. In the first fit wedus
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the most recent particle data group values for
my++ = 123080+ 0.30MeV and myo = 123345+ 0.35MeV
together with the average masg = 1233 MeV. With this input we get for th&-mass splittings
Odmy = —-534+20MeV, Omi=—-17+27MeV. (4.1)
Alternatively, instead of usingn = 1233 MeV, we employed the quark model relation [23]
Mp+ — Mpo = OMy, (4.2)

wheredmy is the nucleon mass splitting. The results for fiieass splittings determined in this
way appear to be consistent with the first determination:

dmi = —3.9MeV, Om: =0.3+0.3MeV. (4.3)

Having determined the values for themass splittings we studied the CSB contributions to
the nuclear forces. In Fig. 4 we show CSB two-pion-excharaygributions to the two-nucleon
potential

V=B+D)VM"+Vi'6 -6+ 61 -d62-9+...) (4.4)

in configuration space. The contributions due to the nuchaass splittingdmy for the potentials
V&t appear to be similar in tha-less andA-full theories. In the central potentigf!'' , however,
we see sizeable deviations. In all potentials we obsereagtrancellations between then- and
dmy-contributions which lead to significantly weaké!s + potentials in the\-full theory.

4.2 Summary

We discussed the long- and shorter-rang& ®l contributions to chiral three-nucleon forces.
No additional free parameters do appear at this order. Téerdive different topology classes
which contribute to the forces. Three of them describe I@argge contributions which constitute
the first systematic corrections to the leadirg &change that appears atlND. Another two
contributions are of shorter range and include, additigrtalan exchange of pions also one short
range contact interaction and all correspondirightorrections. The requirement of renormaliz-
ability leads to unique expressions fofIND contributions to the three-nucleon force (except for
1/m-corrections).

We presented the completé&IND analysis of the nuclear forces with expliiisobar degrees
of freedom. Although the overall results in the isospingsming case are very similar in tide
less andA-full theories we found a much better convergence in allpgferial partial waves once
A resonance is explicitely taken into account. The leading C&tributions to nuclear forces are
proportional to nucleon- anfi-mass splittings. There appear strong cancellations leettree two
contributions which leads to weakét' potentials.

We are looking forward to numerical studies oflMD three-nucleon forces and implementa-
tions of NELO forces in theA-full EFT in future NN partial-wave analyses.
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Figure 4: Class-1ll (CSB) two-pion exchange potential. The left Ktigpanel shows the results obtained at
leading order in chiral EFT with explicik resonances (at subleading order in chiral EFT without el
degrees of freedom). The dashed and dashed-double-dattediepict the contributions due to theand
nucleon-mass differencésni anddmy, respectively, while the solid lines give the total result.
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