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Comparison between chiral and meson-theoretic nucleon-nucleon potentials
through (p,p’) reactions
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We use proton-nucleus reaction data at intermediate energies to test the emerging new generation of chiral
nucleon-nucleonNN) potentials. Predictions from a high-quality one-boson-exchd@E) force are used
for comparison and evaluation. Both the chiral and OBE modeldlfit 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 accuratblN description sets the scale for the ability of such models to work for nuclear reactions.
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Chiral perturbation theoryxPT) offers a way to describe described by including contact terms up through fourth order.
phenomena at nuclear physics energies that is consistent wifl® be suitable for iteration in a Lippmann-Schwinger equa-
the symmetries of the underlying theory of strong interaction, the potential is regularized through a set of cutoff
tions (QCD). In this low-momentum regime, QCD itself is Mmasses. The resulting _46 mod_el parameters were adjusted to
nonperturbative. In yPT, one expands chiral7N match theNN phase _shlft solution from th_e Nijmegen group
Lagrangians in powers of the relevant momenta or massa$]- The agreement is excellent at energies below 325 MeV.
(e.g., pion mass relative to the QCD scale ahqocp This xPT potential is based .onaheavy—baryon expansion
~1 GeV. The nucleon-nucleo(N) force can then be de- Scheme where nucleon fields —are represented by
rived from chiral Lagrangians by taking into account all 2-compon<_ant spinors. This mz_akes a relativistic treatment of
pion-exchange diagrams which contribute to N interac- nucleons in nuclear matteDirac-Brueckner-Hatree-Fock

. ; . . (DBHF) approach infeasible. Thus we will only include
tion up through a given chiral ordedN potentials based on Brueckner-Hartree-FockBHF) medium effects when calcu-

XxPT are thus best Su't?d for low-energy applications Ir]Iating density-dependent effective interactions. We start from
nuclear structure or reactions. Only recently has a chifdl 5 icroscopic calculation of the nuclear force in nuclear mat-
potential become available through the work of Entem andey \where medium modifications arise from an effective
Machleidt (EM) [1] that accurately reproduce$N phase pycleon masgproduced in a self-consistent calculation of
shifts up to 325 MeV. In this paper, we present the first testiyclear matter saturation properiesd a spherically aver-
of this chiral potential usingg,p’) reactions at 200 MeV.  aged Pauli blocking operatdrl0]. The resulting density-
Proton-nucleus elastic and inelastic scattering to selecte@lependente matrix is transformed into a Yukawa rep-
transitions can be a “laboratory” for the evaluation NN resentation for use in distorted-wave impulse approxi-
interactions to the extent that the reaction mechanism igation (DWIA) (p,p’) reaction calculationgsee Appendix
dominated by a singIdIN scattering 2—4]. By choosing the A of [2]).
guantum numbers of the transitignatural/unnatural parity, The DWIA calculations are made with the prograngs
isoscalar/isovectoithe (p,p’) cross section and polarization [11] for natural parity transitions andwsA86 [12] for un-
observablege.qg.,[5,6]) become selectively sensitive to spe- natural parity. The distortions are generated from the density-
cific amplitudes in the effective interaction in ways that dependent effective interaction using the folding model. The
complemeniNN scattering data. Here we will compare two form factors are chosen to conform te,é’) measurements
recentyPT NN potentials[1,7] with the more conventional for the same transitions. The nuclear matter density is ex-
one-boson-exchangéOBE) CD-Bonn potential[8], using  tracted from the charge densifg3] by unfolding the form
the (p,p’) reaction to judge the suitability of the potential factor of the proton. Additional details may be found in Refs.
for nuclear reaction work. The tw@PT potentials differ in  [2,3].
the precision with which they reprodud¢N phase shifts. The two largest amplitudes in the isoscalar effective inter-
This will calibrate for us the quality of agreement needed inaction are the central and spin-orbit. These are best tested
xPT to describe well reactions such as proton-nucleus elast&gainst natural parity transitions, including elastic scattering,
and inelastic scattering. Previous studies using conventioné@h part because they exclude sensitivity to the tensor compo-
potentials have demonstrated that good reproduction afients. As a representative example, Figtdp panel shows
(p,p") observables depends on a high-quality representatiodensity-dependent calculations of the differential cross sec-
of the NN data[2]. tion and vector analyzing power for 200-MeV protons scat-
The yPT expansion of EM1] includes r and 2 dia-  tering elastically or*®Ca. There is good agreement between
grams from effective chiral Lagrangians, with relativistic the chiraNN potential (solid curve$ and the conventional
corrections, through third order. The short-range repulsion i©BE potential(long-dashed curves
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] FIG. 2. Measurements for proton inelastic scattering cross sec-
0.100 —0.0 tion and analyzing power for the 3state in“°Ca at 3.736 MeV
I 1 from Ref. [14]. The curves are the same as in the top panel of
0.010 ___0‘4 Fig. 1.
- —1-0.8 . . .
0.001 b A A L L L and harmonic oscillator wave functionsBy our standard,
0 d neither calculation is clearly favored and both represent the
om. (d€Q) current capability of distorted-wave impulse approximation

. . .calculations to describe elastic proton scattering.
FIG. 1. Measurements for proton elastic scattering cross sectiori . . ) . : _
With Fig. 2 we illustrate the same points using the 3

(shown as the ratio to the Rutherford cross seg¢tamd analyzing - 40 . .
power from Ref[14]. The top panel shows calculations based onSt_alte at 3.736 MeV if®Ca, with curves as in the top panel of

the chiralNN potential of Ref[1] (solid curves and the CD-Bonn  F19- 1 and the data from Ref14]. Again, the two BHF
potential of Ref[8] (long-dashed curvésBoth calculations contain ~ calculations are in QOOd agreement with each offérile
BHF density dependence. The short-dashed curves are CD-Borfh€ free case is again unsatisfactory
potential calculations with no density dependence included. In the The largest parts of the iSOVGCfor effective interaction are
lower panel we compare the density-dependent predictions from th@ssociated with the;- o, andS;5(q) spin operators. These
CD-Bonn model(solid ling) to the predictions from Ref[15]  are best sampled in unnatural-parity transitions that are in-
(dashed ling sensitive to the central terms, and “stretched” transitions
with J= j,at [ note Offer the advantages of a simple structure

Differences with the datfl4] are a reasonable gauge of that is easily constrained befe’) data and surface peaking
remaining theoretical uncertainties or approximations. Sincén the form factor that minimizes medium effects.
the differences between the chiral and CD-Bonn curves are Figure 3 presents the chiral and CD-Bonn calculations
comparable to, or smaller than, the differences between efsolid and dashed curves, respectiyefgr the 47, T=1
ther model and the data, we conclude that the EM chirafransition in ‘°0 to the state at 18.98 MeV. BHF density
model is as satisfactory as the CD-Bonn model as the basfependence is included, and isospin mixing follows the pre-
for reaction calculations, within the present context of reacScription of Carret al. [18]. The measurements are taken
tion and scattering models. As a contrasting example, th&om Refs.[19,20. The agreement between the two poten-
short-dashed curve in the top pane| of F|g 1 uses the C[)tials and with the measurements is excellent. In particular,
Bonn interaction, but removes the BHF density dependence,

leaving only the freeNN interaction. This causes a large < frrr T T ' ' b
change, especially for the analyzing power, which is sensi-€ °* [ i i
tive to the interference between central and spin-orbit ampli-g b
tudes. The clear preference of the data for the medium-§ °-tor

modified BHF calculation renders the free interaction by § , .| ~
itself unsatisfactory. In the lower panel we compare our CD- * : .
Bonn calculation(solid line) with another modern distorted- o.8] DI'_S,—
wave model(dashed ling[15]. The latter differs mainly in 0.4 -
the use of an exact finite-range treatment of knock-on ex- , , |, SN
change that, using the programveBa91 [16], sums over all ol 1 1 1 <]
of the nucleons in*Ca explicitly. This is in contrast to the i 1
zero-range approximation used for the exchange amplitude 0o To0 0 TPy o Ty 0T

in the LEA program(the validity of which was also discussed * * * 940 » * * *
o.m. (deg)

in Ref.[2].) While the bwBA91 result agrees better with the

Cross _section betyveen 20° an_d_40° an_d the forward angle FiG. 3. Measurements of the cross section and polarization ob-
analyzing power, it has more difficulty with the larger-angle servables for the transition to the 4T=1 state at 18.98 MeV in
analyzing power(Other differences exist between the calcu- 10 from Refs[19,20. The solid(dashedl curves are based on the
lations: Referencél5] uses the Pari®NN interaction[17]  chiral potential of Ref[1] (the CD-Bonn potential of Ref8]).
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contributions to the same order as in EM. The main differ-
ence is that EM have included contact terms to fourth order
and increased the number of momentum cutoff parameters.
While this increases the number of free parameters to be
determined from theNN phase shifts, it also provides the
flexibility necessary for an accurate fit at higher energies.
The NLO and NNLO curves shown in Fig. 4 both differ
dramatically from the measurements and even at NNLO do
not appear to be converging except for the cross section.
These differences exceed by an order of magnitude those
shown in Fig. 3. This sets a scale for how much better the
phase shift reproduction must be before it makes sense to
compare these chiral potential predictions with nuclear reac-
tion measurements at the level of conventional models. The

) o _chiral potential of EM meets this standard.

FIG. 4. The measureme'nts are dgscrlbed in Fig. 3. The solid The yPT model of EM gives rise to a number of solutions
curves are based on the chiral potential of R&f. The long- and 4t giffer in some of their short-range characteristics. This is
short-dashed curves are based on the NLO and NNLO potentials i \sirated by excellent agreement with the long-range prop-
Ref.[7] erties of the deuterofbinding energy, quadrupole moment,

) ) L asymptoticSandD states, and the mean radiwghile allow-
the gopd agreement with the diagonal polgnzat}on transfe(ng the D-state probability to vary by a factor of 2. These
coefficientsD;; demonstrates that the relative sizes of thec | tions provide comparable fits %N phase shifts. Thus
spin-orbit and three tensor amplitudes are well reproduceghe handling of the short-range part via contact terms brings
for both the EM chiral and CD-Bonn potentidl5,6]. Inter- o0t 5 Jarger degree of flexibility as compared to the usual
estingly, the chiral potential shows bett-er. agreement with th‘ﬁweson-exchange pictuterhere, for instance, the strength of
data forDyy and Dssthan does the original CD-BOnn po- he tensor force as measured from the deut&rastate prob-
tent|al._ This |_mpr_ovement_comes fro_m a small reduction iNability is much more tightly constraingdBecause of the
the spin-longitudinal amplitudéassociated with the1402q  restrictions imposed by thgPT expansion on the typical
tens_or operator ) momenta involved iMNN scattering or a nuclear reaction, it

Since we conclude that the EM chiral model reproducesyay not he possible to explore and control these ambiguities
the largeNN amplitudes as well as the best of the OBE, gging to higher energies. Instead, we may need to exam-
models, it is appropriate to ask whether agreement of & lessgie “other nuclear reactions in situations that emphasize the

quality could also be satisfactory fopp’) reaction work. —;h5er end of the allowed momentum range, such as one finds
In EM [1], the reproduction of theIN phase shifts up to 300 i |arge-angle scattering or where the only contributing am-

MeV was compared to the predictions from the second-ordeg|iiudes come from nucleon exchange. Further investigation

[or next-to-leading orde(NLO)] and the third-orderfor ot the y PT predictive power will be pursued in future work.
next-to-next-to-leading ordéNNLO)] potentials of Ref[7]. The test calculations shown here demonstrate R

The second-order interaction from that work has been usegqels of theNN interaction can be made with sufficient
recently as the basis for Faddeev calculations of three-bodyqc\racy to be used in calculations of nucleon-induced reac-
observable$21]. Some success was found for energies Ne2fions on nuclei, at least up to 200 MeV. For this, a high-
and below 10 MeV. However, at 200 MeV the phase shift, o isjon reproduction of thN scattering phase shifts is an

predi_ctions_ diyerge[l]. To _illustrate the eﬁ?Ct on H.p’) essential first requirement. This means that models intended
reactions, in Fig. 4 we again show the polarization measurég, yide application must contain a sufficient amount of flex-

_ 16 :
ments for the 4, T=1 state in 0. The solid curves are ity 1o make such a high-precision reproduction possible.
based on the EM chiral model. Since medium effects are

small here, these are free-space predicti@mnpare with The authors acknowledge financial support from the U.S.
the solid curves in Fig.)3 The long-dashed and short-dashedDepartment of Energy under Grant No. DE-FGO03-
curves in Fig. 4 show the NLO and NNLO interactions of 00ER41148(F.S. and D.A. and from the National Science
Ref. [7], respectively. The NNLO contains pion-exchangeFoundation under Grant No. NSF-PHY-96028E2S,).
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