hep-ph/9905438 v2 22 Sep 1999

FTUV 99/32 ; IFIC 99/34

Instantons and ȷ Meson Production near threshold in NN collisions

N.I. Kochelev^1 , V.Vento^2, A.V. Vinnikov^3

(1) Bogoliubov Laboratory of Theoretical Physics, Joint Institute for Nuclear Research, Dubna, Moscow region, 141980 Russia (2) Departament de Física Teòrica and Institut de Física Corpuscular, Universitat de València-CSIC E-46100 Burjassot (Valencia), Spain (3) Far Estern State University, Department of Physics, Sukhanova 8, GSP, Vladivostok, 690660 Russia

Abstract An enhancement for the ȷ production in proton-neutron collisions as compared with that in proton-proton scattering has been recently observed. We present a calculation for the production cross section, in proton-neutron collisions near threshold, within instanton model for the QCD vacuum and show that a specific flavor dependent nonperturbative quark-gluon interaction related to instantons is able to explain the observed enhancement.

Pacs: 12.39-x, 13.60.Hb, 14.65-q, 14.70Dj Keywords: neutron, proton, meson, quark, gluon, instanton, threshold.

kochelev@thsun1.jinr.ru
vicente.vento@uv.es
vinnikov@thsun1.jinr.ru

1 Introduction

The interest of the investigation of meson production in nucleon-nucleon and nucleon-antinucleon collisions near threshold has increased recently since different anomalies have been detected [1],[2],[3],[4]. These anomalies are characterized by unexpected enhancements in the production of the mesons which contain large admixtures of strange quarks in their wave function. The large OZI rule violations near threshold challenge most of the theoretical approaches to the dynamics of strangeness production in strong interactions (see discussion in [5]).

One of this anomalous behaviors is related to the surprisingly large cross section in proton-neutron collisions near threshold for the η production [2],[4]. It has been found recently [4] that the ratio to the same process in p-p scattering in the same kinematical regime is about 7.

An explanation of this enhancement, based on the large contribution from N^∗(1535) (S_{11}) resonance has been suggested [6]. However the final result is very sensitive to the values of the meson-S_{11} coupling constants, which at present are not well known. It is therefore difficult to establish the precise contribution from the S_{11} to this cross section and confirm the validity of the mechanism.

In here, we present a different explanation for the enhancement, which in our case is associated with a particular microscopic mechanism of QCD. In the vacuum of QCD there exist strong fluctuations of the gauge fields called instantons (see recent review [7]). The instantons induce flavor dependent quark-quark [8] and quark-gluon interactions [9] whose structure is related with the flavor and helicity properties of the quark zero-modes in the presence of the instanton fields. The most famous of them is t’Hooft’s quark-quark interaction [8] which has been successfully applied to describe the properties of the QCD vacuum and hadron spectroscopy [7]. Besides this interaction, which contains 2N_f quark legs, the instantons can also lead to different type of the vertices which include arbitrary numbers of quark and gluon legs. The gluons in these vertices produce easily strange quarks. Therefore these new type of interactions should lead to large violations of the OZI rule in the strong interaction. One example of them, which leads to a non-zero value of the chromomagnetic moment of the quark, has been discussed recently [9].

In Section 2 we discuss the effective quark-multi-gluon Lagrangian induced by the instantons. In Section 3 the specific contribution of the mechanism to the cross section for the production of η mesons in proton-neutron collisions is estimated. Finally in Section 4 the main conclusions of the present work will be drawn.

2 Effective quark-gluon vertices induced by instantons

The effective Lagrangian induced by instantons has the following form [10]^1 L_{inst} = ∫ ∏ q (m_qρ − 2π^2ρ^3q̄_R(1 + i 4 τ^aU_{aa}0η̄_a0_{μν}σ_{μν} )q_L) · exp(− 2π^2 g ρ^2U_{bb}0η̄_b0_{γδ}G^b_{γδ}) dρ ρ^5 d_0(ρ)dô, (1)

where ρ is the instanton size, τ^a are the Pauli matrices associated with the generators of the SU(2)_c subgroup of the SU(3)_c color group, d_0(ρ) is the density of the instantons, dô stands for integration over the instanton orientation in color space, ∫ dô = 1, U is the orientation matrix of the instanton, η̄_{aμν} represent t’Hooft’s symbols. This Lagrangian describes the effective interaction between gluons and quarks arising from QCD through the color dipole moment of the instanton.

The effective quark–gluon interaction which generates the contribution to η production can be obtained by expanding (1) in powers of the gluon strength and integrating over dô. The effective parameter of this expansion is the ratio of the average instanton size ρ_c to the confinement radius R_{conf} . This ratio, in realistic models for the QCD vacuum [7], is rather small, ρ^2_c /R^2_{conf} ≈ 0.1, and therefore we can restrict the expansion to the lowest order. The corresponding approximation contains contributions to the production of mesons with definite quantum numbers.

To second order in G^b_{γδ} we found out that effective Lagrangian, which is responsible for η production, has the following form

ΔL_η = − ∫ L_t0_{Hooft} π^3ρ^4dρ 8α_s(ρ) G^a_{μν} ~G^a_{μν} , (2) where L_t0_{Hooft} is t’Hooft’s interaction which for massless u and d quarks is

1 For anti-instantons one should interchange R ↔ L.

L_t0_{Hooft} = 16π^4d_0(ρ)ρ 9 (ū_Ru_Ld̄_Rd_L + 3 8 (ū_Rt^au_Ld̄_Rt^ad_L − 3 4 ū_Rσ_{μν}t^aū_Ld̄_Rσ_{μν}t^ad_L)), (3)

This quark-gluon vertex is presented in Fig.1. Within the simplest version of

Figure 1: The effective quark-gluon vertex which gives rise to the contribution in η meson production.

instanton liquid model for the QCD vacuum, the size of instantons is fixed

d_0(ρ) ∼ δ(ρ − ρ_c). (4)

ρ_c ∼ 1.6÷2.0 GeV^{−1} is the average size of the instantons in the QCD vacuum. This value is obtained from hadron spectroscopy [7]. However this size is not very well defined, for example, recent lattice calculations [11] give a value for it which is larger, ρ_c ∼ 2.5 GeV^{−1}. We will therefore in our calculation consider a large interval for ρ_c ∼ 1.6 ÷ 2.5 GeV^{−1}.

By using the low energy theorem, based on the chiral anomaly, one can calculate the following matrix element [12], [13] < 0| 3α_s 4π G^a_{μν} ~G^a_{μν} |η >≈ √ 3f_πm^2_η, (5)

where we have neglected m_u and m_d with respect to m_s. Under the assumptions of ref. [13] the quark-η meson interaction from (2) becomes

L_η =

2π^6ρ^6_c f_πm^2_η √ 3α^2_s(ρ_c)

(ū_Ru_Ld̄_Rd_L + 3 8 (ū_Rt^au_Ld̄_Rt^ad_L − 3 4 ū_Rσ_{μν} t^aū_Ld̄_Rσ_{μν} t^ad_L))ϕ_η. (6) where ϕ_η is the η-field. It should be mentioned that this effective interaction can only be used if the frequency of gluon fields is small. This condition however holds for the production of the particles near threshold.

3 Contribution of the instantons to the ȷ production cross section near threshold

A very unique feature of the interaction (6) is its strong flavor dependence. Indeed it is non zero only if quarks have different flavors. Therefore, one can expect that the contribution of it to the η meson production in protonneutron collision is larger then in proton-proton and neutron-neutron ones, because in the former the flavor structure favors the probability of interaction.

The contribution of the instanton interaction is determined by the matrix element of interaction (6) < NN|L_η|NNη >∝< NN|L_t0_{Hooft}|NN > . (7) Due to the strong spin-flavor dependence of t’Hooft’s interaction (3), the final result is very sensitive to the spin-flavor structure of the nucleon wave function. We will use a model for hadron structure which has proved to be consistent with the instanton picture and which will favor the proposed mechanism.

It is well known that a significant violation of SU(6) symmetry in the nucleon wave function is required to explain some properties of nucleons: Δ-nucleon mass splitting, enhancement of u quark distribution with respect to d quark distribution at large Bjorken x region in deep-inelastic scattering, behavior of nucleon form factors, etc... (see [14]). It was shown [15] that the instanton induced interaction can explain the nucleon-Δ mass difference, due to the formation of a quasi-bound scalar ud diquark inside nucleon. At present, the instanton induced diquark configuration is widely under discussion, not only in connection with hadron spectroscopy, but also as a possible scenario for the formation of a color superconducting state in quark-gluon matter [16]. Therefore we feel encouraged to use this simplifying scenario.

In the quark-diquark model, proton and neutron consist of a scalar ud diquark and a u-quark or d-quark, respectively. It is evident that due to specific flavor properties of the instanton vertex only the interaction between quarks with different flavors, which are not included into diquark configuration, can lead to the η meson production in nucleon-nucleon scattering (see

Fig.2)^2. Therefore the instanton induced η meson production in proton-

Figure 2: The instanton contribution to the η meson production in protonneutron interaction

proton interaction within pure quark-ud-diquark model should be very small in comparison with proton-neutron scattering^3. The experimental observation of a sizeable enhancement of the η production in proton-neutron scattering, gives arguments in the favor of a large diquark component in the nucleon wave function, however the proposed dynamical mechanism favors the enhancement in other scenarios, e.g., bag model or naive quark model, as well^4.

Let us to estimate the cross section for η-meson production in protonneutron collisions. We follow the notation:

p(p_1) + n(p_2) → p(p^′_1) + n(p^′_2) + η(p_η). (8)

The cross section is given by dσ = dP S^3 4 √ (p_1.p_2)^2 − m^4_p ∑ spin |M|^2, (9)

2The diquark-quark interaction mediated by one instanton vanishes, as determined by t’Hooft’s mechanism, since the two quarks that participate in the interaction have the same flavor. A diquark-quark interaction, through this mechanism, arises only if mediated by at least two different instantons, and is suppresed by the smallness of the density of instantons in the QCD vacuum.

3 If we neglect the production of the η meson in the diquark-quark interaction and contributions from other mechanisms (S_{11}, ...) then the ratio of cross sections becomes σpp/σpn ≈ 0. 4In the case of the pure SU (6) nucleon wave function one can expect the ratio σpp/σpn ≈ 1/4, based on the result of [17] where the single instanton contribution to the ratio of amplitudes of elastic pp and pn scattering has been obtained, Φ(pp)/Φ(pn) = −8/17.

where

dP S^3 = d^3p^′_1d^3p^′_2d^3p_η (2π)^92E^′_12E^′_22E_η

(2π)^4δ(p_1 + p_2 − p^′_1 − p^′_2 − p_η), (10)

is the 3-body phase space volume. M is the matrix element of the interaction (7) and ∑ spin represents the spin summation over the final and spin averaging

over the initial nucleon states.

Only the colorless part of the instanton induced interaction can contribute to the cross section of the reaction (8). Within the quark-diquark model one can factorize the matrix element and obtains using a nonrelativistic approximation for the quark wave functions of the nucleon, M ∼< P N|ū_Ru_Ld̄_Rd_L|P N >∼< P |ū_Ru_L|P >< N|d̄_Rd_L|N > ≈ P̄_RP_LN̄_RN_L. (11)

The final result for the matrix element is^5 ∑ spin |M|^2 = π^{12}ρ^{12}_c f^2_π m^4_η 54α^4_s(ρ_c)

(8m^4_p − 2m^2_p(t_1 + t_2) + t_1t_2)F_N (t_1)^2F_N (t_2)^2, (12)

where

t_1 = (p_1 − p^′_1)^2 t_2 = (p_2 − p^′_2)^2,

and F_N (t) is the strong form factor of the nucleon for which we will use the electromagnetic form factor [18]

F_N (t) =

4m^2_p − 2.79t (4m^2_p − t)(1 − t/0.71)^2

. (13)

In the numerical calculation we use the NLO approximation for the strong coupling constant α_s(ρ) = − 2π β_1t

(1 + 2β_2logt β_1t

), (14)

where β_1 = −

33 − 2N_f 6 , β_2 = −

153 − 19N_f 12 (15)

5We took into account in (12) the additional factor two related to the contribution of anti-instantons.

and t = log( 1 ρ^2_0Λ^2

+ δ). (16)

In Equation (16), the parameter, δ ≈ 1/ρ^2_0Λ^2, provides a smooth interpolation of the value of α_s(ρ) from the perturbative (ρ → 0) to the nonperturbative regime (ρ → ∞) [19], and for N_f = 3 we have used Λ = 230 MeV , and ρ_0 = 1.6 GeV^{−1}.

The exact phase space integration of (9) gives the total cross section of the reaction (8) as a function of the excess energy in c.m. system Q = √ S −m_n −m_p −m_η, S = (p_1 +p_2)^2, and is presented in Fig.3 for the different values of the instanton size ρ_c. This dependence is in qualitative agreement with experimental data of WASA/PROMICE Collaboration at CELSIUS [4]. It should be mentioned that the instanton induced cross section of the η production in pn scattering is very sensitive to the average size of instanton in the QCD vacuum and for ρ_c = 2.1 GeV^{−1} it describes the experimental data.

Figure 3: Q-dependence of η production cross section for the different values of the average instanton size in comparison with experimental data of WASA/PROMICE Collaboration.

Before ending this section it is worth stressing the main difference between our approach and the hadronic approach. In the latter quantum numbers and energy considerations determine the intermediate meson, the S_{11}, whose coupling constant is at present unknown and whose properties, mass and width, have to be feed in from experiments. In our approach the calculation is basically parameter free, despite the fact that we have allowed some freedom into the size parameter reflecting the crudeness of the approximations involved. An independent determination of the S_{11} coupling constant would clarify the relation between the nonperturbative microscoscopic mechanism presented here and the hadronic approach. The conclusions drawn thus far are only slightly affected by final state interactions [20] due to their structure and magnitude compared with that of the of the enhancement.

4 Conclusion

We have shown that a novel mechanism for η production in nucleon-nucleon scattering might be behind the anomalous enhancement found for protonneutron collisions. The proposed mechanism is related with the presence of strong nonperturbative fluctuations of gluons fields in the QCD vacuum, called instantons. It has been shown that the instanton induced quark-gluon interaction, due specially to its singular flavor dependence, is able to explain the large η-meson production cross section near threshold in proton-neutron scattering. The calculation has been realized within a simplified scenario of baryon structure, the diquark description, which maximizes the flavor dependence of the interaction. However it is immediate that other models will not avoid the basic mechanism, whose origin is solely in the structure of the instanton interaction.

The final result for the cross section of the η production is very sensitive to the value of the instanton size. This observation opens the door to investigate the parameters of the QCD vacuum in the threshold production of η (and other mesons) with high accuracy.

Naturally our proposed mechanism appears in nature entangled with other ones. Their experimental separation is very important. A possible way is the determination of the energy and angular dependence of the production processes. Due to the point-like origin of the instanton-induced interaction, its dependences are totally different from those of other mechanisms. For example in η-meson production the competing mechanism is the production of an intermediate S_{11}-resonance and certainly its energy and angular dependence are very different. A very clean way to disentangle the various mechanisms is the measurement of the spin dependence of the cross section in the production processes by using polarized nucleon beams and targets. In this case the instantons give a large contribution to the double spin asymmetries due to very strong helicity dependence of t’Hooft’s interaction (6).

Acknowledgements

One of us (V.V.) thanks L. Alvarez-Ruso for tuition in the subject of final state interactions and for useful comments. This work was partially supported by DGICYT grant # PB97-1227.

References

[1] F.Plouin, P.Fleury and C.Wilkin, Phys. Rev. Lett. 65 (1990) 690;

P.Moskal et al. Phys. Rev. Lett. 80 (1998) 3202; J.Zlomanczuk et al., Phys. Lett. B436 (1998) 251.

[2] E.Chiavassa et al., Phys. Lett. B337 (1994) 192.

[3] C.Amsler et al., Z. Phys. C58 (1993) 175; Phys. Lett. B346 (1995) 363;

Z.Weidenauer et al., Z. Phys. C59 (1993) 387.

[4] H.Calén et al., Phys. Rev. C58 (1998) 2667..

[5] J.Ellis, M.Karliner, D.Kharzeev and M.G. Sapozhnikov, Phys. Lett.

B353 (1995) 319;

T.Gutsche, A.Faessler, G.D. Yen and Shin Nan Yang, Nucl. Phys. B (Proc. Suppl.) 56A (1997) 311.

[6] J.F.Germond and C.Wilkin, Nucl. Phys. A518 (1990) 308;

J.M.Laget,F.Wellers and J.F.Lecolley,Phys. Lett. B257 (1991) 254; T.Vetter et al., Phys. Lett. B263 (1991) 153;

E.Gedalin, A.Moalem, and L.Razdolskaja, Nucl. Phys. A634 (1998) 368;

M.Batinic, I.Slaus, and A.Svarc, Phys. Scr. 56 (1997) 321; R.Wurzinger et al., Phys. Rev. C51 (1995) R443; Phys. Lett. B374 (1996) 283.

[7] T.Schäfer and E.V.Shuryak, Rev. Mod. Phys. 70 (1998) 1323.

[8] ’t Hooft Phys. Rev. D14 (1976) 3432. [9] N.I.Kochelev, Phys. Lett. B426 (1998) 149.

[10] C.G.Callan, R.Dashen, and D.J.Gross, Phys. Rev.D17 (1978) 2717;

C.G.Callan, R.Dashen, and D.J.Gross, Phys. Rev.D19 (1979) 1826; V.A.Novikov, M.A.Shifman, V.I.Vainstein, and V.I.Zakharov, Sov. Phys. Usp. 25 (1982) 195.

[11] D.A.Smith and M.J.Teper, Phys. Rev. D58 (1998) 014505. [12] M. Voloshin and V. Zhakarov, Phys. Rev. Lett. 45 (1980) 688. [13] V.A.Novikov, M.A.Shifman, A.I.Vainshtein, A.I.Zakharov, Nucl. Phys.

B165 (1980) 55;

M.A. Shifman, Phys. Rep. 209 (1991) 341.

[14] M.Anselmino and E.Predazzi, Rev. Mod. Phys. 65 (1993) 1199. [15] N.I.Kochelev, Sov. J. Nucl. Phys. 41 (1985) 291;

R.G.Betman and L.V.Laperashvili, Sov. J. Nucl. Phys. 41 (1985) 298; A.E.Dorokhov and N.I.Kochelev, Z. Phys. C46 (1990) 281.

[16] M.Alford,K.Rajagopal anf F.Wilczek, Phys. Lett. B422 (1998) 427;

R.Rapp, T.Shäfer, E.V.Shuryak and M.Velkovsky, Phys. Rev. Lett. 81 (1998) 53.

[17] G.R.Farrar, S.Gottlieb, D.Sivers and G.H.Thomas, Phys. Rev. D20 (1979) 202.

[18] A.Donnachie and P.V.Landshoff, Nucl.Phys.B303 (1988) 634. [19] M.A.Shifman, V.I.Vainstein and V.I.Zakharov, Phys. Lett. B76 (1978) 471.

[20] A. Sibirtsev and W. Cassing, nucl-th/9904046; C. Hanhart and K.

Nakayama, nucl-th/9809059.