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Correlated two-pion exchange in peripheralNN scattering
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The correlated two-pion exchange in the mesanichannel as derived using chiral symmetry and laxge-
constraints is shown to improve the description of the proton-prétgm peripheral partial wavesl = 3)
below and above the inelastic threshold. With inclusion of one-pion exchange it, furthermore, can account for
the energy dependence observed for uncoupled partial waves. The coupled waves are signaling the need for an
additional long-range tensor force.
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Structure and behavior of the periphelkéill partial waves  scalar-isoscalasrm exchange are related problems. The suc-
(L=3) are closely connected with the dynamics of the light-cess and dynamical content of OBE models suggest that
est QCD mode—the pion, which is a Goldstone boson of thaneson-meson correlations are important. This is supported
spontaneously broken $& SUg chiral symmetry. Further- by dispersion theory, where the main effects of higher-order
more, peripheraNN scattering is largely perturbativéyy interactions can be accounted for by inclusion of experimen-
=V\n suggesting an unique way for directly accessing thetally known meson resonances. Note, that in dispersion
NN force. The long-range part of tHéN interaction is well  theory o exchange can be explained by correlated two-pion
established and is represented by one-pion exché@B&.  exchange(CrTPE with a broad spectral distribution which
The OPE accounts for the bulk of the energy dependence @®éads to the isoscalar central attraction between two nucleons
the peripheraNN phase shifts up t3,,=100 MeV and its  [6]. At the same time both the empirical evidence for the
presence in th&IN force can be confirmed with high statis- meson and the role played by the CrTPE in M interac-
tical significance. For lower partial waves and higher mo-tion remain controversial. Interestingly, iiyBT the proper
mentum transfer where tHeN dynamics becomes complex, consideration of the tree level scalar-isoscatar correla-
the physical transparency underlying the analysis in terms ofions (first diagram in Fig. 1 shows that these terms are
OPE is lost and one has to rely on phenomenological modelsmall and, even more, lead to a weak repulgioh
or take into account the multipion exchange explicitly. In this  Recently it was pointed out that—in the context of the
region theo meson[1] effectively represents the correlated unitary yPT [8]—the effectiveo exchange of OBE models
scalar-isoscalar two-pion exchange and is an important indoes not represent the actual correlated exchange in the
gredient in microscopic and one-boson exchat@BE)  scalar-isoscalar channel. Recall thatyRT, with nonlinear
models. realization of chiral symmetry, the state shows up as a

Convincing evidence for the presence of the genuine tworesonance in therm system and can be generated dynami-
pion exchang&TPE) in the long-rangeNN force has been cally by resummation of infinite series of chiral loof®. It
presented in Ref2]. There based on OPE and chiral TPE awas shown[8] that coupling of the unitaryr correlation
quantitative description of the elastip scattering data be- function, which contains a dynamical pole corresponding to
low the inelastic threshold has been obtained. In baryon chithe o state, to theNN system, Fig. 1, generates a central
ral perturbation theory(BxPT), which is utilized in the scalar-isoscalaNN force which has an unconventional be-
analysis of Ref[2], the TPE is understood mainly as uncor- havior. It is strongly repulsive at scales less tkah fm and
related exchange and all other higher order effects, such ags only a moderate attraction at internucleon distances
t-channel singularities oA-isobar degrees of freedom are >1 fm. Note that a similar structure of the scalar-isoscalar
effectively included in the set of low-energy constantscentral NN potential was previously discovered in the
(LEC’s). The important feature of the y#T is that it can  Skyrme mode[10]. This feature of the dynamically gener-
treat the TPE force in a model independent Waly ThexPT  ated & meson differs from the effectivee meson in OBE
machinery is usually employed below the pion productionmodels. The latter leads to a central potential which is al-
threshold, where a high-quality description of the peripheralvays attractive.

NN scattering is already availab[@]. For higher energies, In our previous worl11] we reconsidered the role played
where theo-like 7 correlations are expected to be seen, theby the CrTPE in theNN interaction for the construction of
high-momentum components of the exchanged pions be-
come important—a feature which cannot be properly treated
in the dimensionally regulated)®T [5]. The long-range be-
havior of the TPE force and the effect of correlatedike
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*Electronic address: kaskulov@pit.physik.uni-tuebingen.de FIG. 1. The unitary series representing the CrTPE. Tp?)
"Electronic address: clement@pit.physik.uni-tuebingen.de xPT vertices are shown by filled squares.
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= | analytic representation of the central scalar-isoscalar CrTPE
§ 80 - force derived in Ref[11]. The latter can represent rather well
= I the full unitary series of chiral loops generating the dynami-
U 60k cal o state and is completely determined by the axial cou-
~ . pling constang,, pion massV ., and pion decay constahj.
40 It is given by
0. Ve =v@n) + V), (1)
0 I i where superscript§l) and (2) refer to the parts non-
I \ vanishing and vanishing in the chiral limit, respectively,
A\ z
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FIG. 2. (Color onling The central CrTPE potential in coordinate X 80 +8+3¢"~ 3¢ ,
space(solid curvg. The parts nonvanishing and vanishing in the (+H2A4+E+ 2\/2_2)2(4 +E- 2\/2_5)2
chiral limit are shown by the dashed and dot-dashed curves, 5
respectively. (2)

the scalar-isoscalar central and spin-oiidl potentials. We M2/ 3 9/2\ E -
found that the abovementioned unconventional behavior of V()= —”(W arcta 5 -DE |, (3
the centralNN force is general. It mainly relies on the par- r m

ticular functional form of the scalar form factor of the whereEzlﬁwrzfi/(SgA) and

nucleon and is not the effect of unitarization. We have con- ;

sidered the effect of the tree level and unitary two-pion cor- r(Z\/Z—E> _

relations on the\NN interaction in the limit of a large number arctan —— |, é<4

of colors(largeN; limit) using the hedgehognsatzeof the ~ 1 ) 4-¢

quark-soliton mode[12]. This way we confirmed the struc- D= 2 X \/_~ (4)
ture of the centraNN force observed in the unitarizegPT - arctar(% 25), >4,

[8]. We found(see Fig. 2 a strong repulsion at short dis- \ E-4

tances and a moderate attractiorr at1 fm—even with the ] o
tree levelr interaction. Interestingly, the long-range tail of 'n EGs.(2) and(3) we have related, in the soft pion limit,

the central CrTPE potential is driven by the the pion-nucleorHSing ga~Rs=1/M{, to the soliton sizeR; and to the dy-
(mN) sigma term and saturates the LECfrom ByPT. In namical quark masil, arising from spontaneous chiral sym-
this tail region it also is consistent with the effectiveex- ~ Metry breaking[11]. The r-space behavior of the central
change in OBE models. In addition, the structure of ke~ force forga=1.27, f,=0.1 GeV and averaged pion mss
force is consistent with the Kaplan-Manohar lagepower ~ M7=(M70+2M_+)/3 is shown in Fig. 2. As one can saé,
counting[13], with largeN, behavior of phenomenological (dashed curveand VE;Z) (dot-dashed curvedo not vanish at
OBE modelg14] and is dominated by terms which are non- small separations, where both are repulsive. Furthermore, the
vanishing in the chiral limit. symmetry breaking parv(cz) is small and the terrrvg:l),

The goal of this work is to test the findings in RE8] and  which is nonvanishing in the chiral limit, dominates the
in our recent analysi§l1] against empirical data. Another CrTPE. Driven by~1/M, the total strength of the repulsive
point is to clarify the possible role played by the CrTPE andcore at origin is =600 MeV. Remarkably, at distances
particularly by the dynamicat state in theNN interaction. r>1 fm the CrTPE generates an attractive dip with strength
In the approach followed here to show the effect we use the=—17 MeV in good agreement with Rei8]. In coordinate

FIG. 3. (Color online The pp phase shifts for
the spin triplets®F5 (left) and *Hg (right). The
dashed curve is the LO result, i.e., OPE, while the
solid line refers to OPE+CrTPE. The filled circles
are from the partial wave analygisee text
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space the spin-orbit force can be obtained using the centr&édig. 5 our results for the couple%F4 and 3H4 waves. Our
potential byl s=—(Vc/ar)/(2rM3). Actually, the spin-orbit  results are consistent with the SAID data base below the
interaction is small and repulsive: it is suppressed relative tinelastic threshold with less impressive agreement above the
Ve by NZ2 whereN is the number of color§l3]. For N,  threshold. Considering the corresponding mixing angle
=3 we have) o/ Ve~ O(1/N?) =1/9[11] and in the present Fig. 5 (bottom), the need for an additional long-range tensor
analysis this small contribution can be neglected. force is noted. Because no new tensor components with re-
Indeed, the structure of the central force provided by Eqspect to OPE were introduced, we cannot expect any im-
(1) and based on the dynamics only is of very long range Pprovements relative to the OPE result here. For other periph-
and must be important for the peripheNiN scattering. The eral coupled waves not shown here the situation is similar.
numerical iteration procedure employed here to obtain the In summary, we have considered the effect of the scalar-
scattering phase shifts follows the analysis given in Refisoscalar CrTPE on the very peripheral elagtirscattering.
[15]. To demonstrate the effect it is sufficient to consider theWe have tested its behavior—obtained in unitariz&d [8]
isotriplet pp scattering. Our results for the uncoupled partialand supported by our recent analyi¢]—against empirical
waves withL=3, i.e., spin triplets3F3 and 3|-|5 and spin  data. We have shown that a minimal model setup consisting
singlets'G,, I, are shown in Figs. 3 and 4. There the cen-0f two parts—the standard OPE and the dominant central
tral CrTPE force, Eqs(2) and (3), is supplemented by the part of the CrTPE—can account for the energy dependence
leading order(LO) contribution generated by the one-pion Observed for very peripheral partial waves below and above
exchangg OPBE Vopg i.€., the modeNN potential consists
of two terms:Vyn=Vopet Ve Vopeis of standard type being
truncated by the dipole form factor with cutoff\
=780 MeV [15,14. In addition, in Figs. 3 and 4 the results
of the SAID/SM97 parametrizationl7] are shown up to
aboutT,,=500 MeV, above this energy single-energy solu-
tions are used. As one can see fifephase shifts are fully
described by the OPHlashed curvesat low energies as it 10
should be. For energies close to threshold the OPE is not
sufficient and certainly fails describing the empirical data
indicating the need for a portion of the long-range attraction.
Here the role of the centr&llN force provided by Eqs(2)
and (3) becomes important and the combined effect of both
OPE+CrTPE(solid curve$ improves the behavior of phase
shifts. It can reproduce the generic trends of the uncoupled 10
partial waves up to 1 GeV. Note that the increase of the
phase shifts relative to OPE is due to the attractive part of the 0
CrTPE, whereas its further decrease is due to the repulsive I
core at distances less thafil fm. These specific features of
the CrTPE, where the strong repulsive interactions are gen-
erated by therm dynamics itself, predict that the spin triplets sl
3F, and®H, should change the slope twice. This behavior is
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supported by the partial wave analyéiee Fig. 2. For spin 10 T 1?&6\,] 1000

singlets the behavior is smooth up4dl GeV. It is instruc- -

tive to consider the coupled channels, where we find that the FIG. 5. (Color onling Phase shifts and mixing angég for the
effect of the CrTPE relative to OPE is common and contrib-coupled triplets®F, and *H,. Notations for the curves and data
utes an additional attraction. As an example we show imoints are the same as in Fig. 3.
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the inelastic threshold. The model force results in a specifimism, which explains peripher&dN scattering in a simple
behavior for the uncoupled spin triplets, it further on de-and transparent way.

scribes spin singlets and appears to be important in the de-

scription of their high momentum transfer behavior. The We are grateful to V. N. Pomerantsev for help in present
coupled waves indicate the need for an additional long-rangealculations and discussions. We also acknowledge corre-
tensor force. Altogether, the CrTPE in the mesomichan-  spondence with Professor B. Serot. This work was supported
nel, where the moderate attraction and short-range repulsiddy the DFG(European Graduiertenkolleg 688nd Landes-
are relevant ingredients, can provide an important mechaorschungschwerpunkt Baden-Wdrttemberg.
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