PROCEEDINGS

OF SCIENCE

Chiral 3NF and neutron-deuteron scattering

Henryk Witata * Jacek Golak, Roman Skibi fski '

M. Smoluchowski Institute of Physics, Jagiellonian UrsitgrPL-30059 Krakow, Poland
E-mail: wi tal a@f . uj . edu. pl , uf gol ak@yf - kr. edu. pl,

r oman. ski bi nski @j . edu. pl

Walter Glockle
Institut fir Theoretische Physik I, Ruhr-Universitat Boen, D-44780 Bochum, Germany
E-mail: Mal t er. G oeckl e@ p2. r uhr - uni - bochum de|

Hiroyuki Kamada

Department of Physics, Faculty of Engineering, Kyushutimst of Technology, 1-1 Sensuicho
Tobata, Kitakyushu 804-8550, Japan

E-mail: kamada@ms. kyut ech. ac.j p

Andreas Nogga

Institut fur Kernphysik and Julich Center for Hadron PhysiEorschungszentrum Jilich,
D-52425 Jilich, Germany

E-mail: p. nogga@ z- j uel i ch. dg

Results on three-nucleon (3N) elastic scattering belovpittve production threshold are discussed
with emphasis on the need for a three-nucleon force (3NFg Idige discrepancies found between
a theory based on numerical solutions of 3N Faddeev equatith (semi)phenomenological NN
potentials only and data point to the need for 3NF’s. Thisiithier supported since another pos-
sible reason for the discrepancies in elastic nucleonedent( Nd) scattering, relativistic effects,
turned out to be small. Results for chiral NN (aflND and N’LO) and 3NF’s (at NLO) are
shown and discussed.

6th International Workshop on Chiral Dynamics
July 6-10 2009
Bern, Switzerland

*Speaker.

TThis work was supported by the 2008-2011 polish science funds agskarch project No. N N202 077435.
It was also partially supported by the Helmholtz Association through funalgged to the virtual institute “Spin and
strong QCD"(VH-VI-231). The numerical calculations were perfethon the supercomputer cluster of the JSC, Jilich,
Germany.

(© Copyright owned by the author(s) under the terms of the Cre&iymmons Attribution-NonCommercial-ShareAlike Licence. http://pos.sissa.it/


mailto:witala@if.uj.edu.pl, ufgolak@cyf-kr.edu.pl, roman.skibinski@uj.edu.pl
mailto:Walter.Gloeckle@tp2.ruhr-uni-bochum.de
mailto:kamada@mns.kyutech.ac.jp
mailto:a.nogga@fz-juelich.de

Chiral 3NF and neutron-deuteron scattering Henryk Witata

1. Introduction

Traditionally in nuclear physics the Hamiltonian has been taken in a nonrefigtifosm in
which pairwise interactions between nucleons are supplemented by 3NEgdtems with more
than two nucleons. The construction of NN potentials guided by a mesongietlto a generation
of realistic NN interactions which describe the NN data set with high precigiéfdatum= 1) [fl,

B, B]. The 3N system is the first nontrivial case where those realistiofiale can be tested. In
that system also the first time 3NF’s come into play making it a valuable sournéahation on
3NF properties and their significance in the nuclear Hamiltonian.

The need for 3NF's was established when three- and four-nucleondbstates have been
solved exactly using standard integration and differentiation mettipls. [4afgr using stochastic
techniques low energy states for nuclei up to A=12 have been calculitedt furned out that
in all cases studied realistic NN forces alone provided clear underbindinigh for °*H and3He
amounts tox 0.5— 0.9 MeV and for*He to~ 2 — 4 MeV.

It was natural to look for an explanation of this underbinding introduciNg'8 in the nu-
cleonic Hamiltonian. An important example for a process, which leads to a BNd&jT— 71T
exchange between three nucleons with an intermediaggcitation of one nucleon, considered
by Fujita-Miyazawa [[7]. Later this process was incorporated into the hirtdX 3NF, where it
is supplemented by a phenomenological short-range spin- and isospipeimdent par{]8]. The
Tucson-Melbourne (TM) mode[][9] was constructed using a more gémd amplitude. It also
contains a strong form factor parametrization with a cut-off paramfetehich can be adjusted to
the 3H or 3He binding energy when this 3NF is combined with a particular NN interactiom. Fo
the combination of the AV18 NN potential and the Urbana IX 3NF calculatioasagailable for
nuclei up toA = 12 which show that one can reach a reasonable description of the lowblgurgl
states in those nucldi][6]. However, the results show for instance affidiesot spin-orbit splitting
and an insufficient charge dependence, which indicate defects ofNRisTaking additional 3NF
ring-diagrams into account the situation could be improygd [6].

Recently application of effective field theoretical methods in a form of Clpieturbation
theory (xPT) provided a solid basis for construction of nuclear for¢e} [10, Chnsistent chiral
NN and 3N forces have been derived in §1eT framework. They can also resolve the underbinding
problems of*H, *He and*He nuclei [IP] and lead to an improved description of p-shell nuclei
properties[13].

A rich set of spin observables for elastic Nd scattering is a source ofbkdunformation on
the spin and momentum structure of 3NF’s. In the next section we briefigwetie 3N scattering
formalism and give some examples where data are compared to varioustiiNiglopredictions
alone or combined with different 3NF’s. These examples are chosewiotsle importance of the
3NF in the 3N system. The importance of 3NF's seems to increase with inqyezrsémgy of the
3N system. Therefore we discuss the importance of relativistic effects inmaghation and their
significance in the study of 3NF effects. The smallness of relativistic sffowever, indicates
that the focus is on 3NF's, specifically of short-range. Thus in the fatigvgection we present
examples of results for chiral NN potentials alone and combined witiO\chiral 3N interactions,
which, in addition to the #-exchange, contain two shorter-range contributions. In the last section
we give the summary.
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2. Reactionsin the 3N continuum

All observables for elastic Nd scattering can be obtained from an amplitiglenhich fulfills
the 3N Faddeev equatioh ]14]

Tlg) = tP|@) + (1+1Go)V, " (1+P)|@) +tPGoT |gp)
+ 1+t Y (14 P)T|9) . 2.1)

The initial channel statgp) is composed of a deuteron and a momentum eigenstate of the projectile
nucleon. On top of 2N forces with their off-the-energy shell t-matrix trfacleons 2 and 3, also a
3NF is included and/4(1) is the part of it which is symmetrical under exchange of nucleons 2 and
3. The permutation operator P takes into account the identity of the nucladi@és the free 3N
propagator.

Using the realistic NN forces: AV1§][1], CD Bonf{[2], Nijm1, Nijm2, and Nijm3 pne gets
in general predictions for 3N scattering observables which agree vitblldata at energies below
~ 30 MeV. A fairly complete overview of those theoretical predictions in consparto data is
presented in[14, 16]. At higher energies discrepancies develagy die exemplified for the elastic
scattering cross section in the left panels of f]gs.1[and 2. The large gismgin the minimum
of the elastic scattering cross section obtained with NN forces only seesnfogies above:
60 MeV is removed for energies below140 MeV when 3NF’s are included which reproduce the
experimental triton binding energy{_]1[7,]16] (see left panels of Bigs.18nd similar behavior
shows up for the high energy deuteron vector analyzing péyet) [L6,[18,[1b[20]. But there are
many spin observables for which large 3NF effects are predicted aatbwie TM and the Urbana
IX do not reproduce the datg]16]. This is the case e.g. for the nucleaigzng powe, [L4,[2]]
and for the deuteron tensor analyzing powér$ [16]. In both casesthesdnnot be reproduced by
pure 2N force predictions either. Therefore observables of elastisddtlering can be identified,
which are sensitive to the 3NF structure. With precise data on such spinvabtes it should be
possible to reveal the proper spin structure of the 3NF.

3. Relativistic effectsin elastic Nd scattering

There are large discrepancies at higher energies between data andithelastic Nd scat-
tering which cannot be removed by adding standard 3NF’s (see lef pafig[2). They require
to study the magnitude of relativistic effects. We used an instant form risktiapproach which
encompasses relativistic kinematics, boost corrections, and Wigneratpiions [2B] 24]. The
boost effects turned out to be the most significant ones for the elastterstg cross section at
higher energies. They diminish the transition matrix elements at higher enargidsad, in spite
of the increased relativistic phase-space factor as compared to thelatiuistic one, to rather
small effects in the cross section, mostly restricted to the backward af@eége right panels
of Figs[] and]2). Higher energy elastic scattering spin observablesbrslghtly modified by

relativity [23,[23].
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Figure 1. (Color online) The angular distribution for nd elastic $eahg at neutron enerdy,p = 135 MeV.
The pd experimental data (solid dots) are frc@ [18]. In tHedad right panel the solid (red) line represents
predictions of the CD Bonn potential alone. The solid (blire in the left panel shows the CD Bonn+TM99
3NF predictions and in the right panel the results of reistiw calculations based on the CD Bonn potential.
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Figure2: (Color online) The angular distribution for nd elastic $egahg at neutron enerdy,p = 250 MeV.
The nd experimental data (solid dots) are frdﬂ [22]. In tHegdanel the light shaded (red) and dark shaded
(blue) bands result from predictions of (semi)phenomegickl potentials alone (AV18, CD Bonn, Nijm1,
Nijm2) and combined with TM99 3NF, respectively. The dot{@dange) line is the prediction of the
AV18+TM99 3NF. In the right panel the solid (red) and dashkietted (orange) line (they are practically
overlapping) is the prediction of the CD Bonn and AV18 pogntespectively. The solid (blue) and the
dotted (orange) lines (also practically overlapping) aredctions of relativistic calculations based on the
CD Bonn and AV18 potential, respectively.
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Potential | LS cut-off [MeV] | SFR cut-off [MeV] | Eq [MeV] | Py [%0]
N2LO 101 450 500 -2.1922 | 3.536
N2LO 102 600 500 -2.1842 | 4.566
N2LO 103 550 600 -2.1887 | 4.383
N2LO 104 450 700 -2.2019 | 3.613
N2LO 105 600 700 -2.1997 | 4.709
N3LO 201 450 500 -2.2161 | 2.727
N3LO 202 600 600 -2.2212 | 3.545
N3LO 203 550 600 -2.2193 | 3.283
N3LO 204 450 700 -2.2187 | 2.844
N3LO 205 600 700 -2.2232 | 3.634

Table 1: The cut-off’s for Lippmann-Schwinger equation (LS) regidation and spectral function regular-
ization (SFR) used for differentNLO and NLO potentials Ij]l] together with their deuteron projeext

4. Resultswith chiral NN and 3N forces

The smallness of relativistic effects indicates that very probably the slvage contributions
to the 3NF are responsible for the higher energy elastic scattering diswies. Recently con-
structed NLO chiral NN potentials extended the energy region with a highly improvedrgon
of the NN experimental phase-shifts up to abeut50 MeV [1]]. It opened thus the way to ap-
ply chiral dynamics in analyses of higher energy elastic Nd scattering. werl@nergies up to
~ 65 MeV chiral NLO NN and 3N forces proved to be successf[ill[12].

We used 5 sets of lLO and N'LO NN forces [T]L] shown in Tab[g1 alone or combining them
with 2 sets of NLO chiral 3NF’s [12], both with the same large-momentum cut-off parameter
A\ =500 MeV. Those two 3NF’s, in the following denoted by 500A and 5008edif the values
of the D and E parameters which appear in two short-range contributionstt®Ni [12]: in therr-
exchange and 2N contact term (D) and in the 3N contact term (E). Taliey areD = —1.1128,

E = —0.6590, andD = 8.1413,E = —2.0289 for 500A and 500B, respectively.

The improvement of the NN phase-shift data description at higher esaggiag from NLO
to N3LO NN potentials is clearly visible in the reduced spread of Nd elastic scattenisg sections
(see left and middle panel in F{d. 3). With increasing nucleon energy &hdwersened description
of the NN phase-shifts data by>NO NN potentials also the band of Nd cross section predictions
widens as exemplified in the right panel of H. 3 5= 200 MeV. Thus an application of chiral
potentials would require an even higher order in the expansion.

Despite the significant reduction of the spread seen at 135 MeV someedifts are left and a
grouping of the 5 RLO NN potential predictions into 3 sets is visible in the middle panel of [fig. 3.
This can be traced back to different deuteron properties of those Bt@sein comparison to the
ones at NLO (see Tablg1) and the significant change ofitked component of the deuteron wave
function around ~ 2 fm (low left panel of Fig[}).

In Fig. [ we exemplify that really the differences of tt& —2D; N3LO NN force components
are responsible for the spreading of the Nd cross section predictiomsish the middle panel of
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Figure3: (Color online) The angular distribution for nd elastic ¢egihg at neutron enerdgsiap, = 135 MeV
(left and middle panels) and Bf,p = 200 MeV (right panel). In the left (middle and right) paneffeiient
lines are cross sections obtained with the chirdll® (N3LO)NN potentials from TabIE| 1: dashed (orange)
-N2LO 101 (N’LO 201), dashed-dotted (maroon) 2IND 102 (NPLO 202), solid (black) NLO 103 (N°LO
203), dashed-dotted (green) 2IND 104 (N’LO 204), and dashed (blue) “NO 105 (N°LO 205).
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Figure 4. (Color online) Thel =0 ((gdzo) andl =2 ((qdzz) deuteron wave functions for different NN po-
tentials. In the right panel for (semi)phenomenologicaleptials: dotted (blue) - AV18, solid (violet) -
CD Bonn, dotted (red) - Nijm1, solid (green) - Nijm2, and dagl{maroon) - Nijm93. In the upper left
(low left) panel for chiral NLO (N3LO) potentials from Tab[¢1: dotted (blue) #NO 101 (N’LO 201),
solid (green) - NLO 102 (N°LO 202), dashed (maroon)?NO 103 (N*LO 203), dotted (red) - RLO 104
(N3LO 204), and dashed-dotted (orange)3L® 105 (N’LO 205). In the left panels also CD Bonn results
are shown by solid (violet) lines.
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Figure5: (Color online) The angular distribution for nd elastic $edhg at neutron enerdyia, = 200 MeV.
The dashed (orange) (dashed-dotted (maroon)) line isgiediof the chiral NLO 201 (202) potential. The
solid (black) line results when tH&; —3 D, force component of the NLO 201 is replaced by that of NLO
202 while keeping all other components as i#LI® 201.

Fig. B. To this aim we present results with exchanggd—3D; forces. It remains to be seen
whether consistent 3NF’s at®NO or currents in electromnagnetic processes on the deuteron will
wash out those differences.

The significantly deeper minima for3NO NN potentials (see the middle panel in Fig. 3)
clearly require a corresponding larger impact of consistetitQI3NF’s which are not yet pro-
grammed. Using instead the inconsistent combination with the 500A or 560B ISNF’s sheds
at least light on the importance of short range terms in the 3NF. This is sioWwigs. [$ and
[, where the two different RLO 3NF’s lead to distinctly different results for higher energy spin
observables. Moreover the description of the data is quite bad.

5. Summary

Solving 3N scattering exactly in a numerical sense up to energies below th@mduction
threshold allows one to test the 3N Hamiltonian based on modern NN potentiaBNdrisl At
the higher energies for some observables large 3NF effects are tekaiben using (semi)phe-
nomenological models such as TM and Urbana IX. Some Nd elastic scattessgsections and
polarization data support these predictions. In some other cases, éwdefects of the (semi)phe-
nomenological 3NF’'s are demonstrated. Relativistic effects are found gmall for the elastic
scattering cross section and negligible for higher energy spin-olides/aThe existing high en-
ergy discrepancies which remain even when Urbana IX or TM 3NF'srarie@ded indicate the
importance of short-range contributions to a 3NF. Application of chiral Nfdractions alone or
combined with chiral 3NF, which, in addition to arzxchange contribution, comprises also two
shorter-range terms, seems to support that indication.

It can be expected that a precise and rich data basis, comprising elastériag and breakup
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Figure 6. (Color online) The spin correlation coefficie@y in nd elastic scattering at neutron energy
Eab = 135 MeV. In the left and right panels the light shaded (cyaam)dis based on predictions of chiral
N3LO NN potentials from Tab@l. The dark shaded (magenta) lratite left and right panels result when
chiral N°LO potentials are combined with chiraPNO 3NF 500A and 500B, respectively. The solid (black)
line is the prediction of the AV18+Urbana IX 3NF. The pd eXp@ntal data (open cirles) are frorE[ZO].
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Figure 7: (Color online) The tensor analyzing powagy — Ayy (left panel) and spin correlation coefficient
Cxx (right panel) in nd elastic scattering at neutron endfgy = 200 MeV. The light shaded (cyan) band
is based on predictions of chira®NO NN potentials from Tabl}l. The dashed-dotted (blue) aashdd
(red) lines result when chiral NLO 201 potential is combined with the chiraPNO 3NF 500A and 500B,
respectively. The solid (black) line is the prediction of thv18+Urbana IX 3NF. The pd experimental data
(open cirles) are frorrmO].
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data, will suffice to establish the proper spin structure of 3N forces. aCherturbation theory
providing consistent NN and 3N forces will play an important role in thesdiasu
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