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Comparison between chiral and meson-theoretic nucleon-nucleon potentials
through „p,p8… reactions
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We use proton-nucleus reaction data at intermediate energies to test the emerging new generation of chiral
nucleon-nucleon (NN) potentials. Predictions from a high-quality one-boson-exchange~OBE! force are used
for comparison and evaluation. Both the chiral and OBE models fitNN phase shifts accurately, and the
differences between the two forces for proton-induced reactions are small. A comparison to a chiral model with
a less accurateNN description sets the scale for the ability of such models to work for nuclear reactions.

DOI: 10.1103/PhysRevC.65.047601 PACS number~s!: 21.30.Fe, 25.40.Ep, 24.10.Cn, 24.70.1s
w
ac
s

s

-
all

i

n

s

ct

,
n
e-
at
o
l

al

in
s

on

tio

ic
n

er.
a-

off
ed to
p
eV.
ion
by

t of

-
om
at-
ve
of
-

-
xi-

ity-
he

ex-

fs.

er-
sted
ng,
po-

ec-
at-
en
l

Chiral perturbation theory (xPT) offers a way to describe
phenomena at nuclear physics energies that is consistent
the symmetries of the underlying theory of strong inter
tions ~QCD!. In this low-momentum regime, QCD itself i
nonperturbative. In xPT, one expands chiralpN
Lagrangians in powers of the relevant momenta or mas
~e.g., pion mass!, relative to the QCD scale atLQCD

;1 GeV. The nucleon-nucleon (NN) force can then be de
rived from chiral Lagrangians by taking into account
pion-exchange diagrams which contribute to theNN interac-
tion up through a given chiral order.NN potentials based on
xPT are thus best suited for low-energy applications
nuclear structure or reactions. Only recently has a chiralNN
potential become available through the work of Entem a
Machleidt ~EM! @1# that accurately reproducesNN phase
shifts up to 325 MeV. In this paper, we present the first te
of this chiral potential using (p,p8) reactions at 200 MeV.

Proton-nucleus elastic and inelastic scattering to sele
transitions can be a ‘‘laboratory’’ for the evaluation ofNN
interactions to the extent that the reaction mechanism
dominated by a singleNN scattering@2–4#. By choosing the
quantum numbers of the transition~natural/unnatural parity
isoscalar/isovector! the (p,p8) cross section and polarizatio
observables~e.g.,@5,6#! become selectively sensitive to sp
cific amplitudes in the effective interaction in ways th
complementNN scattering data. Here we will compare tw
recentxPT NN potentials@1,7# with the more conventiona
one-boson-exchange~OBE! CD-Bonn potential@8#, using
the (p,p8) reaction to judge the suitability of the potenti
for nuclear reaction work. The twoxPT potentials differ in
the precision with which they reproduceNN phase shifts.
This will calibrate for us the quality of agreement needed
xPT to describe well reactions such as proton-nucleus ela
and inelastic scattering. Previous studies using conventi
potentials have demonstrated that good reproduction
(p,p8) observables depends on a high-quality representa
of the NN data@2#.

The xPT expansion of EM@1# includes 1p and 2p dia-
grams from effective chiral Lagrangians, with relativist
corrections, through third order. The short-range repulsio
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described by including contact terms up through fourth ord
To be suitable for iteration in a Lippmann-Schwinger equ
tion, the potential is regularized through a set of cut
masses. The resulting 46 model parameters were adjust
match theNN phase shift solution from the Nijmegen grou
@9#. The agreement is excellent at energies below 325 M

This xPT potential is based on a heavy-baryon expans
scheme where nucleon fields are represented
2-component spinors. This makes a relativistic treatmen
nucleons in nuclear matter@Dirac-Brueckner-Hatree-Fock
~DBHF! approach# infeasible. Thus we will only include
Brueckner-Hartree-Fock~BHF! medium effects when calcu
lating density-dependent effective interactions. We start fr
a microscopic calculation of the nuclear force in nuclear m
ter where medium modifications arise from an effecti
nucleon mass~produced in a self-consistent calculation
nuclear matter saturation properties! and a spherically aver
aged Pauli blocking operator@10#. The resulting density-
dependentG matrix is transformed into a Yukawa rep
resentation for use in distorted-wave impulse appro
mation ~DWIA ! (p,p8) reaction calculations~see Appendix
A of @2#!.

The DWIA calculations are made with the programsLEA

@11# for natural parity transitions andDWBA86 @12# for un-
natural parity. The distortions are generated from the dens
dependent effective interaction using the folding model. T
form factors are chosen to conform to (e,e8) measurements
for the same transitions. The nuclear matter density is
tracted from the charge density@13# by unfolding the form
factor of the proton. Additional details may be found in Re
@2,3#.

The two largest amplitudes in the isoscalar effective int
action are the central and spin-orbit. These are best te
against natural parity transitions, including elastic scatteri
in part because they exclude sensitivity to the tensor com
nents. As a representative example, Fig. 1~top panel! shows
density-dependent calculations of the differential cross s
tion and vector analyzing power for 200-MeV protons sc
tering elastically on40Ca. There is good agreement betwe
the chiralNN potential ~solid curves! and the conventiona
OBE potential~long-dashed curves!.
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Differences with the data@14# are a reasonable gauge
remaining theoretical uncertainties or approximations. Si
the differences between the chiral and CD-Bonn curves
comparable to, or smaller than, the differences between
ther model and the data, we conclude that the EM ch
model is as satisfactory as the CD-Bonn model as the b
for reaction calculations, within the present context of re
tion and scattering models. As a contrasting example,
short-dashed curve in the top panel of Fig. 1 uses the C
Bonn interaction, but removes the BHF density depende
leaving only the freeNN interaction. This causes a larg
change, especially for the analyzing power, which is se
tive to the interference between central and spin-orbit am
tudes. The clear preference of the data for the mediu
modified BHF calculation renders the free interaction
itself unsatisfactory. In the lower panel we compare our C
Bonn calculation~solid line! with another modern distorted
wave model~dashed line! @15#. The latter differs mainly in
the use of an exact finite-range treatment of knock-on
change that, using the programDWBA91 @16#, sums over all
of the nucleons in40Ca explicitly. This is in contrast to the
zero-range approximation used for the exchange amplit
in theLEA program~the validity of which was also discusse
in Ref. @2#.! While theDWBA91 result agrees better with th
cross section between 20° and 40° and the forward a
analyzing power, it has more difficulty with the larger-ang
analyzing power.~Other differences exist between the calc
lations: Reference@15# uses the ParisNN interaction @17#

FIG. 1. Measurements for proton elastic scattering cross sec
~shown as the ratio to the Rutherford cross section! and analyzing
power from Ref.@14#. The top panel shows calculations based
the chiralNN potential of Ref.@1# ~solid curves! and the CD-Bonn
potential of Ref.@8# ~long-dashed curves!. Both calculations contain
BHF density dependence. The short-dashed curves are CD-B
potential calculations with no density dependence included. In
lower panel we compare the density-dependent predictions from
CD-Bonn model ~solid line! to the predictions from Ref.@15#
~dashed line!.
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and harmonic oscillator wave functions.! By our standard,
neither calculation is clearly favored and both represent
current capability of distorted-wave impulse approximati
calculations to describe elastic proton scattering.

With Fig. 2 we illustrate the same points using the 32

state at 3.736 MeV in40Ca, with curves as in the top panel o
Fig. 1 and the data from Ref.@14#. Again, the two BHF
calculations are in good agreement with each other~while
the free case is again unsatisfactory!.

The largest parts of the isovector effective interaction
associated with thes1•s2 andS12(q̂) spin operators. These
are best sampled in unnatural-parity transitions that are
sensitive to the central terms, and ‘‘stretched’’ transitio
with J5 j part1 j hole offer the advantages of a simple structu
that is easily constrained by (e,e8) data and surface peakin
in the form factor that minimizes medium effects.

Figure 3 presents the chiral and CD-Bonn calculatio
~solid and dashed curves, respectively! for the 42, T.1
transition in 16O to the state at 18.98 MeV. BHF densi
dependence is included, and isospin mixing follows the p
scription of Carret al. @18#. The measurements are take
from Refs.@19,20#. The agreement between the two pote
tials and with the measurements is excellent. In particu
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FIG. 2. Measurements for proton inelastic scattering cross
tion and analyzing power for the 32 state in 40Ca at 3.736 MeV
from Ref. @14#. The curves are the same as in the top panel
Fig. 1.

FIG. 3. Measurements of the cross section and polarization
servables for the transition to the 42, T51 state at 18.98 MeV in
16O from Refs.@19,20#. The solid~dashed! curves are based on th
chiral potential of Ref.@1# ~the CD-Bonn potential of Ref.@8#!.
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BRIEF REPORTS PHYSICAL REVIEW C 65 047601
the good agreement with the diagonal polarization tran
coefficientsDii demonstrates that the relative sizes of t
spin-orbit and three tensor amplitudes are well reprodu
for both the EM chiral and CD-Bonn potentials@5,6#. Inter-
estingly, the chiral potential shows better agreement with
data forDNN and DSS than does the original CD-Bonn po
tential. This improvement comes from a small reduction
the spin-longitudinal amplitude~associated with thes1qs2q
tensor operator!.

Since we conclude that the EM chiral model reprodu
the largeNN amplitudes as well as the best of the OB
models, it is appropriate to ask whether agreement of a le
quality could also be satisfactory for (p,p8) reaction work.
In EM @1#, the reproduction of theNN phase shifts up to 300
MeV was compared to the predictions from the second-or
@or next-to-leading order~NLO!# and the third-order@or
next-to-next-to-leading order~NNLO!# potentials of Ref.@7#.
The second-order interaction from that work has been u
recently as the basis for Faddeev calculations of three-b
observables@21#. Some success was found for energies n
and below 10 MeV. However, at 200 MeV the phase sh
predictions diverge@1#. To illustrate the effect on (p,p8)
reactions, in Fig. 4 we again show the polarization meas
ments for the 42, T51 state in 16O. The solid curves are
based on the EM chiral model. Since medium effects
small here, these are free-space predictions~compare with
the solid curves in Fig. 3!. The long-dashed and short-dash
curves in Fig. 4 show the NLO and NNLO interactions
Ref. @7#, respectively. The NNLO contains pion-exchan

FIG. 4. The measurements are described in Fig. 3. The s
curves are based on the chiral potential of Ref.@1#. The long- and
short-dashed curves are based on the NLO and NNLO potentia
Ref. @7#.
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contributions to the same order as in EM. The main diff
ence is that EM have included contact terms to fourth or
and increased the number of momentum cutoff paramet
While this increases the number of free parameters to
determined from theNN phase shifts, it also provides th
flexibility necessary for an accurate fit at higher energi
The NLO and NNLO curves shown in Fig. 4 both diffe
dramatically from the measurements and even at NNLO
not appear to be converging except for the cross sect
These differences exceed by an order of magnitude th
shown in Fig. 3. This sets a scale for how much better
phase shift reproduction must be before it makes sens
compare these chiral potential predictions with nuclear re
tion measurements at the level of conventional models.
chiral potential of EM meets this standard.

ThexPT model of EM gives rise to a number of solution
that differ in some of their short-range characteristics. This
illustrated by excellent agreement with the long-range pr
erties of the deuteron~binding energy, quadrupole momen
asymptoticSandD states, and the mean radius! while allow-
ing the D-state probability to vary by a factor of 2. Thes
solutions provide comparable fits toNN phase shifts. Thus
the handling of the short-range part via contact terms bri
about a larger degree of flexibility as compared to the us
meson-exchange picture~where, for instance, the strength o
the tensor force as measured from the deuteronD-state prob-
ability is much more tightly constrained!. Because of the
restrictions imposed by thexPT expansion on the typica
momenta involved inNN scattering or a nuclear reaction,
may not be possible to explore and control these ambigu
by going to higher energies. Instead, we may need to ex
ine other nuclear reactions in situations that emphasize
upper end of the allowed momentum range, such as one fi
in large-angle scattering or where the only contributing a
plitudes come from nucleon exchange. Further investiga
of the xPT predictive power will be pursued in future work

The test calculations shown here demonstrate thatxPT
models of theNN interaction can be made with sufficien
accuracy to be used in calculations of nucleon-induced re
tions on nuclei, at least up to 200 MeV. For this, a hig
precision reproduction of theNN scattering phase shifts is a
essential first requirement. This means that models inten
for wide application must contain a sufficient amount of fle
ibility to make such a high-precision reproduction possib

The authors acknowledge financial support from the U
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