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NN scattering: Chiral predictions for asymptotic observables
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We assume that the nuclear potential for distances larger than 2.5 fm is given just by the exchanges of one
and two pions and, for the latter, we adopt a model based on chiral symmetry and subthreshold pion-nucleon
amplitudes, which contains no free parameters. The predictions produced by this model for nucleon-nucleon
observables are calculated and shown to agree well with both experiment and those due to phenomenological
potentials [S0556-28138)01503-9
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[. INTRODUCTION In the last five years several authors have tackled the
problem of NN interactions in the light of chiral symmetry

In the last two decades several semiphenomenological p@nd, so far, only processes associated with the two-pion ex-
tentials were proposed —5] which can describe rather well change potentialTPEP were systematically studigé—15].

NN scattering data below the pion production threshold. AllChiral symmetry is very relevant to this component of the
these models have a common feature, namely that the inteferce because it controls the behavior of the intermedidie
action at large distances is ascribed to the one-pion exchangenplitude, that is the main building block of the interaction.
potential(OPEB. On the other hand, they differ significantly The first works of this series were restricted to systems con-
at intermediate and short distances, a fact that becomes evaining just pions and nucleons and considered basically the
dent when one inspects the profile functions produced for thérst five processes given in Fig. 1A) [6—10,13. These
various components of the force. In each case, the reproduprocesses constitute an autonomous chiral family, incorpo-
tion of experimental data is achieved by means of a differentate correctly the well known cancellations of the intermedi-
balance between effects due to long and short distances. Thée 7N amplitude[16,17] but correspond to an intermediate
fact that these potentials are successful means that someh@amplitude which is too simple for reproducingN experi-
they are able to incorporate the relevant average dynamicsmental datg18].

At present, none of the existing semiphenomenological The extension of this minimal model so as to include
potentials include explicitly the dynamics associated withother degrees of freedom was considered by @edpRay,
chiral symmetry, which constitutes the main conceptualand van Kolck[11,14 and by ourselve§13,15. In the
framework for the study of strong interactions at energiedormer case, a very general effective Lagrangian was used,
which are small compared to the QCD scale. In this regimewhich included explicitly the interactions of pions, nucleons,
nonperturbative effects are dominant and one is not able tand deltas and contained some free parameters representing
do calculations using QCD directly. The usual strategy forother interactions. In principle, these parameters could be
overcoming this problem consists in working with an effec-obtained from other physical processes, but these authors
tive theory, constructed in such a way as to include as muchhose to adjust them tdN scattering data.
as possible the main features of the basic theory. The masses
of the quarksu andd are very small and hence their inter-
actions with gluons are approximately invariant under the (A
group SU(2X SU(2). Therefore, one requires the effective
theory at the hadron level posses the same basic symmetry,
broken by just the pion mass.
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Using a nonrelativistic cutoff of the order of the rho mass,is possible because the potential is not too strong.

they could achieve a qualitative description of BIN ob- In the present problem, even if one is willing to consider

servables. the influence of the TPEP only for separations larger than 2.5
In our approach, the intermediateN amplitude involved fm, where the results of Ref15] are mathematically reli-

the interactions of pions and nucleons, supplemented bgble, one needs to use expressions which are valid for all

empirical information in the form of the Hder, Jacob, and distances. As it is important have close control of the regions

Strauss(HJ9 coefficients[19]. In general, the physical of the potential that contribute to the observables, we employ

amplitude for the process*(k)N(p)— 7?(k’)N(p’) may the so called variable phase method. It is fully equivalent to

be described by two independent variables=(1/ the Schrdinger equation and provides a clear spatial picture

4m)(p+p’)-(k+k’) andt=(k—k’)?. In order to obtain of the way phase shifts and mixing parameters are structured.

the HJS coefficients, one subtracts the nucleon pole from thEor the sake of completeness, we summarize here the main

empiricalrN amplitude and uses dispersion relations to con€quations used in our calculation. In the case of uncoupled

tinue analytically the remaind€R) to an unphysical region channels, the wave functiary(r) with angular momenturd

around the poinv=0, t=0. The HJS coefficients are then is written as[21]

obtained by expanding this remainder in a power series in

v andt. The use of the subthreshold coefficients is particu- us(r)=cy(k,r)j(kr)—sy(k,ryny(kr), (1)

larly suited to the calculation of the TPEP at large distances,

since this part of the potential is determined by the intermeyherej; andn; are the usual Bessel and Neumann functions
diate 7N amplitude in the very neighborhood of the point mytiplied by kr. The functionsc, and's;, for a potential
v=0,t=0. Thus, in this aspect, our approach is very differ-y/ (y) are given by

ent from that of Ordoez, Ray, and van Kolck.

In our calculation, the TPEP was derived from the ten m (r A
diagrams depicted in Fig. 1, representing both interactions cJ(k,r)=1—If dpV;(p)js(kp)us(p), 2
involving only nucleons(A) and other degrees of freedom 0
(B). The main features of the asymptotic TPEP were exten-
sively discussed ifi15] and here we just recall some of the __ TJ’ -
conclusions of that paper. One of them is that the scalar- syk.r) k OdeJ(p)nJ(kp)uJ(p). ©)

isoscalar component of the TPEP at large distances is attrac-
tive and therefore qualitatively coherent with a well known The variable phasB,(k,r) is defined as
feature of the nuclear force. As far as dynamics is concerned,

we have shown that chiral symmetry is responsible for large

cancellations in the pure nucleon sedibig. 1, (A)] [16,17] D,=tan”
and eventually the contributions from this sector turn out to

be much smaIIer. than thosg arising from othgr degreeg, ozind, by construction, it vanishes at the origin and yields the
freedom. The main contribution to the intermediate attraction, ) o\ /opia phase shift, whenr tends to infinity. Differen-

IS du_e to processes containing hucleons in one leg and tl}?ating (2) and(3), using(1), and manipulating the result, one
remainder degrees of freedom in the other. obtains the differential equation

The fact that our calculation of the TPEP did not contain
free parameters means that it yields predictions for m
NN observables, whose study is the main goal of the present Dj=— "
work. We assume that, for distances larger than 2.5 fm, the
NN interaction is given by just the OPEP and the TPEP
calculated in Ref[15] and try to determine the values of W
the angular momentum and the energy regions for which N .
observables can be ascribed to these components only. Our Py=]j; cogD;)—n, sin(D,). (6)
presentation is divided as follows: in Sec. Il we discuss our
method of work and in Sec. Ill we give our results and con- In the case of coupled channels, one has two phases,
clusions. Dym andDy,, with m=L—1 andp=L+1, and a mixing

parameteE;, that depend on and become the observables
d3m, 63p, and e; whenr tends to infinity. Denoting the
Il. DYNAMICS diagonal and tensor components of the potentialVigy

In general, it is not easy to isolate unambiguously the?NdT;, one has the following coupled differential equations
observables associated with a particular region of a give
potential. Nevertheless, in many cases, the centrifugal barrier m
can suppress a significant part of the short range interaction ~, _ _ 2 _ i 2
and one is left only with contributions from the tail of the Jme ok cos(ZEJ){WJm[C()é(EJ)Pm sinf(E;)Qn]
force. For instance, in a study of the influence of the OPEP , 5
over NN observables, we have obtained, for most waves = Wi, sirf(Ey)cos(Ey)(Py—Qp)
with />2 pu_rely pionic phase shifts and mixing param- —2T, sin(EJ)cos{EJ)[cosz(EJ)Pme
eters, which did not depend on the short range features of the
interaction[20]. In the case of the OPEP, this kind of result —sinZ(EJ)Pme]}, W)

S;

J

1

4

V,P3(D)), (5)

hereDj=dD;/dr and the structure functioR, is given by
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El=— 1 {TACOS(Ey) PPy SIT(E9) Q)

—W;p, Sin(E;)cog E;)PrQm
—W;, sin(E;)cog E;) P,Q,} (8)

In these expressions the structure functiBpsandQ, are
defined as

Ratio

PL=]. cogD,)—n. sin(Dyy), (9)

QL=]. sin(Dy.)+n, cogDyy). (10)

The equation foD ;, is obtained by exchanging the labets . . . . .
andp in (7). 0 25 5 75 10 125
As far as the interaction is concerned, we consider just the r (fm)
OPEP ¥,) and the TPEP, which are assumed to represent
the full potential for distances greater than 2.5 fm. As FIG. 2. Variable phaseéormalized to 1 for the wavelG, at
pointed out in the Introduction, the TPEP is determined bythe energie€=40 MeV (dotted ling, E=100 MeV (dashed ling
two kinds of contributions, one generated in the pure pionandE=300 MeV (continuous ling
nucleon sector \{y) and the other associated with the re-
mainder degrees of freedonv4). The direct inspection of is less than 5%, we take them as predictions of the potential.
these potentials indicates that the former is comparable to theor larger deviations, we consider them as estimates.
OPEP, whereas the latter is rather strongrfsr2.0 fm. In
order to calculate the observables, one needs to regularize the
various potentials at short distances. In the case of OPEP, the
regularization is achieved by cutting it at a radius and We have calculated the predictions fN observables
replacing the inner part by the constant valugr ;). As Vy produced by a chiral potentill5] involving only the ex-
is comparable to the OPEP, we adopt the same regularizatiathanges of one and two pions, assumed to represent the full
procedure for it, with a radiusy . interaction for distances larger than 2.5 fm. Since we are
The regularization oV is more problematic. For dis- interested only in the cases where the centrifugal barrier cuts
tances around 1.0 fm, the value of the cental component afaturally the inner parts of the force, we used the variable
the potential is about-25 GeV. On the other hand, in Ref. phase method to control this aspect of the problem. One may
[15] we have argued that the asymptotic TPEP is mathematiacquire a feeling for this method by looking at Fig. 2, where
cally reliable only for distances larger than 2.5 fm, indicatingwe display the variable phases for the wa\@,, divided by
that the odd behavior of the TPEP at short distances is urtheir asymptotic values, for three different energies. It is pos-
physical and associated with the use of equations outsidgible to see that, as expected, higher energies probe more the
their domain of validity. Inspecting the equations used in thainterior of the potential. It is also interesting to note that the
work, it is easy to relate this behavior to the HJS coefficients/ariable phase method allows one to make quantitative state-
involving high powers ofy andt in the intermediaterN ments such as, for instance, the radius for which the phase
amplitude. On the other hand, restricting ourselves to the firsattains a given percentage of its final value.
two leading contributions, due to the coefficients of the terms In the case of uncoupled waves, the interplay between the
v°t% and v°t%, we keep most of the asymptotic potential andcentrifugal barrier and the regularization of the background
get values aroune- 150 MeV in the neighborhood of 1.0 fm, is rather intuitive, but this is not the case of coupled systems.
which are still large, but much more reasonable. Therefordn order to clarify this point, we show in Fig. 3 the variable
we base the present study on this leading potential, which iphases for theD;—3G; system forE =200 MeV, due just
regularized by means of a step functié(rg). to the background and regularized at either at 0.7 fm or 1.0
In this calculation one can rely only on those resultsfm. One sees that théD5 curves depend strongly on the
which are independent of the radii used in the regularizatiortutoff, whereas those describireg and 3G5 are very stable
procedure. In order to control this independence, we adomnd cannot be distinguished with the naked eye. The wave
rN=r,, varyr in the interval 0.8-1.0 fm and discard the 3Gj is negligible for distances smaller than 2.0 fm due to the
cases where the contribution ®f_+V\ to the observables centrifugal barrier, meaning that the system is effectively
varies more than 1.0%. ConcerniMyg, the preceding dis- uncoupled up to that distance. The constructior’Df ex-
cussion suggests that one should be interest in effects due tends up to 3.5 fm, where; is maximum, but the two other
the regionr>2.5 fm and hence we consider valuesrgf  observables become asymptotic much later, around 5.0 fm.
between 1.5 fm and 2.5 fm and study the effect of this varia-This indicates that, even for coupled waves, the various com-
tion over the observables. This produces an indication oponents get their contributions from different regions in
both the stability of the results and the importance of thespace.
inner part of the potential. When the variation of the results We found out that the observables associated with the

IIl. RESULTS AND CONCLUSIONS
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following waves depend more than 1% on the cutoff used
for the V .+ Vy background and hence are not suited for our
Study: 150, 3P0, 3P2, Ssl,fl,SDl, and 3D3.

In Figs. 4—7, we display our results for the phase shifts a
a function of the laboratory energy. They include predictions
from the OPEP cut at 1.0 fm, the sum of the OPEP %Rd
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and the experimental values are taken from SAID VZ40 so-
lution [23]. For comparative purposes, we also include the
predictions of the Argonng4] phenomenological potential.

The dominant part of the chiral TPEP is associated with
the exchange of a scalar-isoscalar system and hence its sig-
nificance depends strongly on titNN channel considered.
Therefore in sequence we comment on the main features of
our results for the various subspaces of spin and isospin.

(T=1,S=0); Fig. 4. There are no results for the wav&,,
since it cannot be understood as a TPEP superimposed to a
pionic background. For the waveD, and G, one has
predictions for energies up to 50 MeV and 300 MeV, respec-
tively. As expected, the TPEP increases the attraction due to
the OPEP and our results are very close to the experimental
values for the potential cut at 2.5 fm.

(T=1,S=1); Figs. 5(a)-5(d). The waves>P, and 3P,
depend on the pion cutoff and were discarded. For the un-
coupled waves®P;, 3F;, and 3Hg [Fig. 5a)] we obtain
predictions which extend up to 300 MeV for the last two of
them. Results for the wave®P; and 3F; are compatible
with experiment, but this does not happen for fié; wave.

In the case of the coupled waves, that with lowest orbital
angular momentum tend, as expected, to be much more in-
fluenced by the cutoff used for the OPEP than the other ones.
We obtain predictions in all cases, but the mixing parameters
are heavily dominated by the OPEP and yield very little

FIG. 4. Phase shifts for the channél£€1,S=0) due to the

OPEP cut at 1.0 fnidotted ling, the sum of the OPEP and the pure Information about the TPEP. For the wavés, [Fig. 5(b)]

pion-nucleon TPEP cut at 1.0 fidashed ling and the full chiral
potential cut at 1.5 fm and 2.5 fiiwontinuous lines labeleg(1.5)

gonne v14 potential are also includéthshed-dotted line The ex-
perimental points represent tipa solution of SAID[23].

and °F, [Fig. 5(c)], the differences with experimental values
are small, whereas for the wavésl, [Fig. 5c)] and 3Hg
and x(2.5)]. For comparative purposes, the predictions of the Ar-[Fig. 5(d)] they are important.

(T=0,S=0); Fig. 6. Our calculation yields predictions for
all the waves in this sector, namefP,, F3, and Hs,
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are given in Fig. 4. FIG. 7. Phase shifts for the channdl<1,S=1); (a) uncoupled

) _ waves;(b) J=3 coupled channelic) J=5 coupled channel. Con-
generally quite close to the pure OPEP ones, reflecting th@entions are given in Fig. 4.

fact that our central potential in this channel is small. Results
are(_lglzsg,gfls)? 0 Ei);?nmg?;)_ﬂc)_ The observables Would be reduced if the .Iatter were used.. However, even if
35,, €, 3D;, and 3D depend on the pion cutoff and are th_ese factors were considered, the_experlm_ental data would
not considered. In all cases, coupled and uncoupled, our r@—t'” seemgto suggest that the TPEP is repulsive for the waves
sults are dominated by the OPEP and close to experiment. Ha @and “Hg, something which is rather difficult to explain

In order to assess the general trends of the various obsertpeoretically.
ables presented in Figs. 4—7, it is useful to recall that the A general conclusion that can be drawn from the present
relative strengths of the central and tensor OPEP in the chargtudy concerns the details of the TPEP. As discussed in the
nels (T,S)=(1,0), (1,1), (0,0), and (0,1) are respectively introduction and represented in Fig. 1, it consists in a sum of
1:1:3:1 and 0%:0:1. This means that one pion exchange ist€rms, arising from both the pure pion nucleon sector and
more important in the channels withi=0 and hence the from interactions involving other degrees of freedom. Our
good agreement between predictions and experimental ré€sults show that the former contributions are very small,
sults noted in Figs. 6 and 7 may be ascribed to OPEP physdndicating that the numerical significance of the TPEP is es-
ics. sentially due to the interplay between nucleon and other de-

As far as the channels with=1 are concernedrigs. 4  9rees of freedom.
and 5, the tensor interaction makes the OPEP to be more In this work we tested the chiral TPEP derived in Ref.
important for triplet waves, in spite of its weaker central [15], which is based on subthreshoiN data and contains
component. Therefore the role of the TPEP is more evidento free parameters. Our results have shown that it is rather
in the waves!D, and G, (Fig. 4), where chiral predictions consistent with experiment.
agree well with experiment. In the case of triplet waves Note addedln a recent work, the predictions from a simi-
[Figs. 5a)—-5(d)], one also finds that the chiral potential is lar chiral potential were present¢?4], which agree qualita-
able to reproduce experimental data whér'5, but this tively with those produced here.
does not happen fdd waves. The behavior of these waves
are peculiar, since they have a high orbital angular momen-
tum and hence should be close of being OPEP dominated.
Indeed, our results show that predictions from the chiral
potential forH waves are not far from the OPEP and also M.R.R. would like to thank the kind hospitality of the
depend little on the cutting radius. Part of the discrepancie®ivision de Physique Theorique de [llstitut de Physique
observed may be associated with the fact that we have usédlcleaire, Orsay, France, where this work was performed
g%/47=14.28 for therN coupling constanil9] whereas the and FAPESRBrazilian Agency for financial support. The
SAID analysis is based on the valgé/4w=13.7. It is also  work of C.A.d.R. was supported by the Grant No. 200154/
worth pointing out that there is a 10% difference between th@5-8 from CNPq Brazilian agency. This work was partially
experimentalpn and pp solutions and the discrepancies supported by the U.S. Department of Energy.
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