arXiv:nucl-th/0010102 30 Oct 2000

Role of N^�(1650) in the near threshold pp ! p�K+ and pp ! p�0K+ reactions

R. Shyam^{a,c}, G. Penner^b, and U. Mosel^b a Saha Institute of Nuclear Physics, Calcutta 700064, India b Institut für Theoretische Physik, Universität Giessen, D-35392 Giessen, Germany c National Superconducting Cyclotron Laboratory, Michigan State University, East Lansing, Mi 48814, U.S.A. (October 30, 2000)

We investigate the pp ! pΛK+ and pp ! pΣ0K+ reactions at beam energies near their thresholds within an effective Lagrangian model, where the strangeness production proceeds via the excitation of N�(1650), N�(1710), and N�(1720) baryonic resonances. It is found that the N�(1650) resonance dominates both these reactions at near threshold energies. The contributions from this resonance together with the final state interaction among the outgoing particles are able to explain the observed beam energy dependence of the ratio of the cross sections of the two reactions in the near threshold region.

PACS numbers: 13.60.Le, 13.75.Cs, 11.80.-m, 12.40.Vv

Recently, at the Cooler Synchrotron (COSY) facility in Jülich measurements have been performed [1–4] for the associated strangeness production in proton-proton (pp) collisions at near threshold beam energies. A very interesting result of these studies is that the ratio (R) of the total cross sections for the pp → pΛK^+ and pp → pΣ^0K^+ reactions (to be referred as ΛK^+ and Σ^0K^+ reactions respectively) at the same excess energy (defined as ϵ = √ s − m_p − m_Y − m_K , with m_p, m_Y , and m_K being the masses of proton, hyperon, and kaon respectively and s the invariant mass of the collision), is about 28^{+6}�_9 for ϵ < 13 MeV. This result is very intriguing because at higher beam energies [5] this ratio is only around 2.5.

Several qualitative explanations [4] have been put forward to explain this data. Assuming that the hyperon production proceeds solely due to the kaon(K)-exchange mechanism and that the final state interaction (FSI) effects among the outgoing particles are absent, R is given essentially by the ratio (g^2_{ΛNK} /g^2_{ΣNK}) of the squares of coupling constants at the vertices from which the K^+ meson emerges. Although, values of g_{ΛNK} and g_{ΣNK} are not known with certainty [6], yet the SU(6) prediction of this ratio [7] is 27 which would nearly explain the observed value of R. However, π-exchange mechanism is shown [6,8–11] to be important for these reactions. The two mechanisms taken together lead to a considerably lower value (∼ 3.6 [4]) for R.

Another explanation [4] suggests that the dominant Σ − p final state interaction, which includes the ΣN → ΛN conversion process, suppresses the Σ^0 production. Although some support in favor of this conversion does exist [12–15], it is not evident that the whole of the observed enhancement is really due to the produced Σ particle being converted to Λ by the FSI effects.

Recently, a few quantitative calculations have been reported to explain the large value of R at near threshold beam energies. Assuming that the π- and K- exchange processes are the only mechanism leading to the strangeness production, the authors of Ref. [16] show within a (non-relativistic) distorted wave Born approximation (DWBA) model that while the ΛK^+ reaction is dominated by the K-exchange only, both K- and πexchange processes play an important role in the case of Σ^0K^+ reaction. Therefore, if the amplitudes corresponding to the two exchanges in the latter case interfere destructively, the production of Σ^0 is suppressed as compared to that of Λ. It is also shown in Ref. [16] that FSI effects, although important, can not explain the large value of R on their own. However, a conclusive evidence in support of the relative signs of π- and K- exchange amplitudes being opposite to each other is still lacking. Furthermore, other mechanisms like excitation, propagation, and decay of intermediate baryonic resonances play (see eg. [8,17]) an important role in the strangeness production, which may change the scenario of Ref. [16]. In any case, it is not clear if this model can also explain the relatively smaller value of R at larger beam energies (i.e. for ϵ > 300 MeV).

In Ref. [18] two types of boson exchange models have been used to calculate the ratio R. In one of them, the strangeness production proceeds solely via π- and Kexchange mechanisms. Neglecting the interference between the corresponding amplitudes and making corrections for the FSI effects via the Jost function method of the Watson-Migdal theory [19], the predictions of this model are found to be in agreement with the observed ratio within a factor of 2 in the near threshold region. However, these authors find both K- and π- exchange amplitudes to be of similar magnitudes for both ΛK^+ and Σ^0K^+ reactions in the near threshold region which is in contrast to the results of Ref. [16]. Moreover, form of their Watson-Migdal FSI amplitude is at variance with that given in Ref. [19] and by other authors [8,20–22].

In the resonance model [10] (the second one used in Ref. [18]), the strangeness production proceeds via π-, η-, and ρ- exchange processes and the excitation of intermediate baryonic resonant states of N �(1650), N �(1710),

N �_{(1720), and Δ(1920). In this case too, with FSI effects}

included, they get the similar result for R. However, the excitation of the N �(1650) baryonic resonance has not been included in the calculations of the cross sections for the Σ^0K^+ reaction in [18]. In the near threshold region, the ΛK^+ reaction has been shown [8,17] to be dominated by this resonance. There is no a priori reason to believe that it will not be the same for the Σ^0K^+ reaction.

In this paper, we investigate the ΛK^+ and Σ^0K^+ reactions at near threshold as well as higher beam energies in the framework of an effective Lagrangian approach (ELA) [8,20,23]. In this model, the initial interaction between two incoming nucleons is modeled by an effective Lagrangian which is based on the exchange of the π-, ρ-, ω-, and σ- mesons. The coupling constants at the nucleon-nucleon-meson vertices are determined by directly fitting the T-matrices of the nucleon-nucleon (N N ) scattering in the relevant energy region [24]. The ELA uses the pseudovector (PV) coupling for the nucleonnucleon-pion vertex (unlike the resonance model) and thus incorporates the low energy theorems of current algebra and the hypothesis of partially conserved axialvector current (PCAC). In contrast to the resonance model, both the ΛK^+ and Σ^0K^+ reactions proceed via excitation of the N �(1650), N �(1710), and N �(1720) intermediate baryonic resonance states. The interference terms between the amplitudes of various resonances (which are ignored in [18]) are retained. To describe the near threshold data, the FSI effects in the final channel are included within the framework of the Watson-Migdal theory [19,20]. ELA has been used earlier to describe rather successfully the pp → ppπ^0 and pp → pnπ^+ [20,23] as well as pp → pΛK^+ [8] reactions at both near threshold and higher beam energies.

In the present form of the ELA the energy dependence of the cross section due to FSI is separated from that of the primary production amplitude and the total amplitude is written as, A_{fi} = M_{fi}(pp → pY K^+) · T_{ff} , (1) where M_{fi}(pp → pY K^+) is the primary associated hyperon Y K^+ production amplitude, while T_{ff} describes the re-scattering among the final particles which goes to unity in the limit of no FSI. The latter is taken to be the coherent sum of the two-body on-mass-shell elastic scattering amplitudes t_i (with i going from 1 to 3), of the interacting particle pairs j − k in the final channel. This type of approach has been used earlier to describe the pion [20,21,25], η-meson [22,26], ΛK^+ [8] and ϕ-meson [27] production in pp collisions.

An assumption inherent in Eq. (1) is that the reaction takes place over a small region of space, a condition fulfilled rather well in near threshold reactions involving heavy mesons. The amplitudes t_i can be expressed under this condition in terms of the inverse of the Jost function J_{ℓi} (q_i) [19,20]. We assume the relative orbital angular momentum between pairs j − k to be zero and use the modified Cini-Fubini-Stanghellini formula (with Coulomb terms) [28] for the effective range expansion of the phase-shift (δ_{0i}) of the relevant pair to calculate the corresponding Jost function, which is given by [19],

t_i(q_i) = (J_0(q_i))�^1 =

(q^2_i + α^2_i )r^c_{0i}/2 1/a^c_i + (r^c_{0i}/2)q^2_i − iq_i

, (2)

where α is defined as

α = (1/r^c_{0i})[1 + (1 + 2r^c_{0i}/a^c_i )^{1/2}], (3)

while a^c_i and r^c_{0i} are the Coulomb modified effective range (r_{0i}) and scattering length (a_{0i}) parameters respectively for the j − k interacting pair. They are defined as in Ref. [8]. It is clear that for large q_i, the amplitude t_i goes to unity. It should be noted that the form of the Jost function given in [18] does not lead to Eq. (2). Even though the square of the absolute value of Eq. (2) agrees with that of the corresponding function given in [18], the two forms lead to different results if the FSI corrections in more than one final channel are considered.

The validity of the factorization method (Eq. (1)) for applications to the near threshold meson production in pp collisions has recently been investigated by several authors [29–32]. It has been shown in Ref. [30] that cross sections for the pp → ppπ^0 reaction calculated using Eq. (1) are very similar to those obtained by treating M_{fi} as an effective operator acting on the nucleon wave functions calculated with realistic N N interactions. Furthermore, it is noted in Ref. [31] that for terms where π^0 production proceeds via exchange of mesons between the colliding nucleons, the results of the factorization approximation are quite similar to those obtained by the DWBA calculations where the final state baryon-baryon interaction is accounted for by means of realistic potentials. It is only for the direct (bremsstrahlung) terms (which are not included in M_{fi}), that the results of the two calculations differ from each other appreciably. However, it is argued in Refs [29,32] that although the energy dependence of the production process may be described correctly by Eq. (1), its absolute magnitude could be uncertain because of the off-shell effects at the production vertices. This criticism is partially accounted for in our work by extrapolating the on shell FSI amplitude for the off-shell effects by multiplying it by a form factor as suggested in [9]. For a more rigorous discussion of the role of the off-shell effects, we refer to [29,32].

The factorization procedure, on the other hand, has some advantages which are currently not accorded by the ”more exact” methods. It makes it possible to account for the FSI effects among all the three outgoing particles. Although the meson-baryon interactions may be relatively weaker, they can still be influential [8,22,30,33] through the interference as the different two-body FSI amplitudes in the exit channels contribute coherently.

The amplitude M_{fi} for the two reactions has been calculated in a way similar to that described in Ref. [8] using the same set of parameters. However, we additionally require the coupling constants for the N �Σ^0K^+ vertices

FIG. 1. The total cross section for the π�p ! Σ0K0 (upper part) and π�p ! Σ�K+ (lower part) reactions as a function of invariant mass s. The solid and dashed lines show the results of a coupled channels K-matrix calculation [35] with the values of the coupling constant for the N�(1650)ΣK vertex of 0.233 and 0.450 respectively.

in the calculation of the cross sections for the Σ^0K^+ reaction. For N �(1710) and N �(1720) resonances, these were determined from the corresponding branching ratios (adopted from Ref. [34]) for their decay to the ΣK channel. While choosing their values, we ensured that the sum of the branching ratios of all the relevant channels does not exceed unity. The resulting coupling constants are given by g^2_{N�Σ}0_K+/4π = 8.242 and 0.220 for N �(1710) and N �(1720) resonances respectively with their signs being negative and positive respectively.

However, such a procedure can not be used to determine g_N�_Σ0_K+ for N �(1650), as the on-shell decay of this resonance to the ΣK channel is inhibited. Instead, we tried to determine this coupling constant by fitting the available data on the π^+p → Σ^+K^+, π�p → Σ^0K^0, and

π�_{p → Σ}�_K+_{reactions in an effective Lagrangian cou-}

pled channels approach [35,36], where all the available data for the transitions from πN to five meson-baryon final states, πN , ππN , ηN , KΛ, and KΣ are simultaneously analyzed for center of mass energies ranging from threshold to 2 GeV. In this analysis all the baryonic resonances with spin ≤^3_2 up to excitation energies of 2 GeV are included as intermediate states. The best fit resulted in a value of 0.233 for the N �(1650)KΣ coupling, but due to very few data points available for the π�p → K^+Σ� channel, it may still be premature to attach much significance to this value. On the other hand, a value of 0.450 provides a very nice agreement with the data of the Σ^0K^+ reaction. Furthermore, since fitting with a fixed value of 0.450 to the available πp → KΣ data with the model mentioned above resulted in a comparable overall χ^2 (although the former value provides a somewhat lower χ^2 for π�p → K^+Σ�, cf. Fig. 1), the latter value has been used in all the results shown in this paper. The shapes of the form factors and the values of the cut-off parameters appearing therein were taken to be the same as those used in the case of ΛK^+ reaction [8].

In the calculation of the FSI amplitudes, the values of the parameters a_0 and r_0 for the Λ-p and the Σ-p systems were taken from the Ã model of the hyperonnucleon interaction given by the Jülich-Bonn group [37]. The values for these parameters for the Λ-p were the same as those given in Ref. [8], while for the Σ-p system, a_0 and r_0 = 2.28 fm and 4.96 fm for the singlet state, and 0.76 fm and 2.50 fm for the triplet states respectively. We have also considered the FSI interaction in the K^+-Y channel with the values of a_0 and r_0 being -0.065-i040 and -15.930-i8.252 respectively for the K^+- Λ system, and -0.201-i0.131 and -1.757-i0.0835 respectively for the K^+-Σ^0 system. These parameters have been taken from [35,36].

In Fig. 2 we show the individual contributions of various nucleon resonances to the total cross section of the Σ^0K^+ reaction near the production threshold as a function of ϵ. We see that, as in the case of the ΛK^+ reaction, the cross section for this reaction too is dominated by the

N �_{(1650) resonance excitation. Thus, at the near thresh-}

old energies, both these reactions proceed preferentially via excitation of this resonance. Looking only at the values of coupling constants, one might expect the dominance of N �(1710) resonance for both the reactions even in the near threshold region. This is particularly so for the Σ^0K^+ reaction, where the threshold energy is very close to the excitation energy of this resonance. However, in the near threshold region the relative dominance of various resonances is determined by the dynamics of the reaction where the difference of about 50 MeV in the excitation energies of N �(1650) and N �(1710) resonances plays a crucial role. Yet, some differences in the relative contributions of N �(1710) resonance in the two reactions at near threshold beam energies is noteworthy. For Σ^0K^+ reaction the contribution of this resonance is about a factor of 3-4 larger as compared to that in the case of ΛK^+ reaction. This is the reason for the interference effects among the resonances being relatively larger in Fig. 2 as compared to that in the ΛK^+ case, as can be seen in the corresponding figure in Ref. [8]. It may remarked here that in both cases one-pion exchange between the incident protons gives maximal contribution to the cross sections as compared to ρ-, ω-, and σ-meson exchange.

In Fig. 3 we show the total cross sections for the ΛK^+ and Σ^0K^+ reactions as a function of ϵ. The calculations are the coherent sum of all three resonances and meson exchange processes as described earlier. The results for the ΛK^+ case are the same as those shown in [8]. We see that for the Σ^0K^+ reaction, there is a reasonable agreement between theory and the data except for very small values of ϵ where our calculations underpredict the experimental cross sections by a factor of about 1.5. Keeping in mind the fact that all parameters of the model, except for those of N �Y p vertices and the FSI, were the same in the two calculations and that no parameter was freely varied, this agreement is quite satisfactory. It should be noted that unlike Ref. [16], we do not require to introduce arbitrary normalization constants in our calculations to get the agreement with the data.

FIG. 2. Contributions of N�(1650) (dotted line),

N�_{(1710) (dashed line), and N}�_{(1720) (dashed-dotted line)}

baryonic resonances to the total cross section for the

pp ! pΣ^0K^+ reaction as a function of the excess energy.

Their coherent sum is shown by the solid line.

In Fig. 4, we show the comparison of our calculations with the data for the ratio R as a function of ϵ. In this figure we have shown results for excess energies up to 400 MeV. It is clear that our calculations are able to describe the observed beam energy dependence of R for both near threshold as well as high beam energies. An interesting observation is that the calculated R obtained without considering the FSI effects can explain the data up to 40-50% at near threshold energies. Therefore, the FSI effects alone are not sufficient to describe all of the observed suppression of the Σ^0 at these beam energies, which is in agreement with the observation made in [16]. It should again be emphasized that without considering the contributions of N �(1650) resonance for the Σ^0K^+ reactions the calculated ratio would be at least an order of magnitude larger. Therefore, these data are indeed sensitive to the details of the reaction mechanism. At higher beam energies (ϵ > 300 MeV), values of R obtained with and without FSI effects are almost the same. In this region the reaction mechanism is different; here the N �(1710) resonance makes the dominant contribution [8] to the cross sections and FSI related effects are unimportant. This is the most likely cause for the difference in the values of R in the two regions.

In summary, we have studied the pp → pΛK^+ and pp → pΣ^0K^+ reactions within an effective Lagrangian model. Most of the parameters of the model are fixed by fitting the N N T-matrix, which restricts the freedom of varying them freely in order to fit the data. The reactions proceed via the excitation of the N �(1650),

N �_{(1710), and N} �_{(1720) intermediate baryonic resonant}

states. The coupling constants for the vertices involving the resonances were determined from the corresponding branching ratios for their decay into relevant channels and from simultaneous fits to the data of πp → KΣ and pp → pΣ^0K^+ reactions. Our study shows that in the near threshold region both these reactions proceed predominantly via excitation of the N �(1650) intermediate baryonic resonant state. This together with the final state interaction effects (in the hyperon-nucleon and kaon-hyperon systems) can account for the experimentally observed large ratio of the total cross sections of the two reactions in the near threshold region. The model is also able to explain the relatively smaller ratio of these cross sections at higher beam energies where the reactions are dominated by the N �(1710) resonance and the FSI related effects are negligible.

FIG. 3. Comparison of the calculated and the experimental total cross section for the pp ! pΛK+ (solid line and solid squares) and pp ! pΣ0K+ (dashed line and solid circles) as a function of the excess energy. The experimental data are from Refs. [1] (solid squares) and [4] (solid circles).

This work has been supported by BMBF and GSI Darmstadt. One of the authors (RS) would like to thank Pawel Danielewicz for his kind hospitality in the theory group of the National Superconducting Cyclotron Laboratory of the Michigan State University where this paper was completed.

FIG. 4. Ratio of the total cross sections for pp ! pΛK+ and pp ! pΣ0K+ reaction as a function of the excess energy. The solid and dashed lines show the results of our calculations with and without FSI effects respectively. The data are from [4].

[1] J.T. Balewski et al., Phys. Lett. B 420, 211 (1998). [2] J.T. Balewski et al., Eur. Phys. J. A 2, 99 (1998). [3] R. Bilger et al., Phys. Lett. B 420, 217 (1998). [4] S. Sewerin et al., Phys. Rev. Lett. 83, 682 (1999). [5] Landolt-Börnstein, New Series, edited by H. Schopper, I/12 (1988).

[6] G.Q. Li, C.M. Ko, and W.S. Chung, Phys. Rev. C 57, 434 (1998); G.Q. Li and C.M. Ko, Nucl. Phys. A 594, 439 (1995).

[7] J.J. De Swart, Rev. Mod. Phys. 35, 916 (1963); C.B.

Dover and A. Gal, Prog. Part. Nucl. Phys. 12, 171 (1984). [8] R. Shyam, Phys. Rev. C 60, 055213 (1999). [9] J.M. Laget, Phys. Lett. B 259, 24 (1991).

[10] A. Sibirtsev, K. Tsushima, and A.W. Thomas, Phys.

Lett. B 390, 29 (1997); A. Sibirtsev, K. Tsushima, W. Cassing, and A.W. Thomas, Nucl. Phys. A 646, 427 (1999); K. Tsushima, A. Sibirtsev, A.W. Thomas, and G.Q. Li, Phys. Rev. C 59, 369 (1999).

[11] N. Kaiser, Eur. Phys. J. A 5, 105 (1999). [12] D. Cline, R. Laumann, and J. Mapp, Phys. Rev. Lett.

20, 1452 (1968).

[13] B. Holzenkamp et al., Nucl. Phys. A 500, 485 (1989). [14] R. Siebert et al., Nucl. Phys. A 567, 819 (1994). [15] Th.A. Rijken, V.G.J. Stoks, and Y. Yamamoto, Phys.

Rev. C 59, 21 (1999).

[16] A.M. Gasparian, J. Haidenbauer, C. Hanhart, L. Kondratyuk, and J. Speth, Phys. Lett. B 480, 273 (2000).

[17] G. Fäldt and C. Wilkin, Z. Phys. A 357, 241 (1997). [18] A. Sibirtsev, K. Tsushima, W. Cassing, and A.W.

Thomas, LANL preprint, nucl-th/0004022.

[19] M.L. Goldberger and K.M. Watson, Collision Theory, Wiley, New York, 1969, pp 549.i [20] R. Shyam and U. Mosel, Phys. Lett. B 425, 1 (1998). [21] J. Dubach, W.M. Kloet, and R.R. Silbar, Phys. Rev. C 33, 373 (1986).

[22] A. Moalem, E. Gedalin, L. Razdolskaja, and Z. Shorer, Nucl. Phys. A 600, 445 (1996).

[23] A. Engel, R. Shyam, U. Mosel, and A.K. Dutt- Majumder, Nucl. Phys. A 603, 387 (1996).

[24] M. Schäfer, H.C. Dönges, A. Engel, and U. Mosel, Nucl.

Phys. A 575, 429 (1994).

[25] V. Bernard, N. Kaiser, and Ulf-G. Meissner, Eur. Phys.

J. A 4, 259 (1999).

[26] B.L. Druzhinin, A.E. Kudryavtsev, and V.E. Tarasev, Z.

Phys. A 359, 205 (1997).

[27] A.I. Titov, B. Kämpfer, and B.L. Reznik, Eur. Phys. J.

A 7, 543 (2000).

[28] H.P. Noyes, Annu. Rev. Nucl. Sci. 22, 465 (1972). [29] C. Hanhart and K. Nakayama, Phys. Lett. B 454, 176 (1999).

[30] E. Gedalin, A. Moalem, and L. Razdolskaya, Phys. Rev.

C 60, 031001 (1999).

[31] J.A. Niskanen, Phys. Lett. B 456, 107 (1999) and private communication.

[32] V. Baru, A.M. Gasparian, J. Heidenbaur, A.E. Kudryavtsev, and J. Speth, LANL preprint nucl-th/0006075.

[33] J.F. Germond and C. Wilkin, Nucl. Phys. A 518, 308 (1990).

[34] Particle Data Group, C. Casso et al., Eur. Phys. J. C 3, 1 (1998).

[35] T. Feuster and U. Mosel, Phys. Rev. C 58, 457 (1998);

ibid. 59, 460 (1999); and private communication. [36] A. Waluyo, C. Benhold, H. Haberzettl, G. Penner, U.

Mosel, and T. Mart, LANL preprint, nucl-th/0008023. [37] A. Reuber, K. Hollinde, and J. Speth, Nucl. Phys. A 570, 543 (1994).