ISSN1330–0016 CODEN FIZBE7

STRUCTURE OF THE NUCLEON FROM ELECTROMAGNETIC FORM FACTORS

F. IACHELLO

ECT*, I-38050 Villazzano (Trento), Italy, and Center for Theoretical Physics, Sloane Physics Laboratory, Yale University, New Haven, Connecticut 06520-8120, USA

Received 13 August 2003; Accepted 26 April 2004 Online 16 July 2004

Recent TJNAF data on the ratio of electric to magnetic elastic form factors are reviewed in light of a model of the nucleon with an intrinsic (quark-like) structure and a meson (quark-antiquark) cloud. The analysis points to the remarkable result that the proton electric form factor vanishes at Q^2 ∼ 8 (GeV/c)^2 and becomes negative beyond that point. The intrinsic structure is estimated to have a r.m.s. radius of ∼ 0.34 fm, much smaller than the proton r.m.s. radius ∼ 0.87 fm. The calculations are in perfect agreement with the proton data, but deviate drastically from neutron data at Q^2 > 1 (GeV/c)^2. Relativistic invariance is a crucial ingredient responsible for the vanishing of G_{Ep} . Symmetry, rather than detailed dynamics, appears to be a determining factor in the structure of the nucleon. Scaling appears to occur at Q^2 ≥ 30 (GeV/c)^2, i.e. at much larger values than previously thought.

PACS numbers: 25.30.Bf, 13.40.Gp, 14.20.Dh, 24.85.+p UDC 539.17

Keywords: nucleon intrinsic structure, form factors, r.m.s. radii, symmetry, scaling

1. Introduction

Electromagnetic form factors have played a crucial role in understanding the structure of the nucleon. Studies of the structure of the nucleon with electromagnetic probes were begun in the late 50’s and early 60’s when Hofstadter and collaborators demonstrated that the nucleon was not point-like with a (proton) root-mean square radius ⟨r^2_p⟩^{1/2} ∼ 0.75 fm. In the 1970’s many experiments were performed, showing that the neutron was a complex particle with a negative r.m.s. radius and dG_{En} /d(Q^2) ∼ 0.50 (GeV/c)^2. In 1973, it was suggested that the nucleon has a two component structure with an intrinsic part with form factor g(Q^2) and a meson cloud parametrized in terms of vector meson dominance (ρ, ω, φ). In the late 1970’s, the non-relativistic quark model was used to describe the properties of hadrons. It was soon realized that this model cannot describe form factors in a consistent way. Also in the late 1970’s, QCD emerged as the theory of strong interactions. In a perturbative approach (p-QCD) the asymptotic behavior of the form factors can be derived, yielding the large Q^2 behavior of the nucleon form factors to be ∝ 1/Q^4. Also in the 1980’s, experimental groups noted that all form factors, except G_{En} , could be described by the empirical dipole form G_D(Q^2) ∝ 1/ ( 1 + Q^2/0.71

)_2 . These observations culminated in the SLAC experiment NE11 on the ratio μ_pG_{Ep} /G_{Mp} that appeared to be consistent with scaling up to 10 (GeV/c)^2 [1]. However, the 2000 – 2002 experiments, performed at TJNAF using the recoil polarization method [2, 3], have shown the astounding result that the ratio of the proton electric to the proton magnetic form factor decreases dramatically with Q^2, inconsistent with scaling, at least up to ∼6 (GeV/c)^2. In this contribution, the present situation on electromagnetic form factors of the nucleon will be reviewed.

2. Analysis of form factors

Two basic principles play a crucial role in the analysis of electromagnetic form factors of the nucleon. The first of these is relativistic invariance. This principle fixes the form of the nucleon current to be [4]

J^μ = F_1(Q^2)γ^μ + κ 2M_N

F_2(Q^2)iσ^{μν} q_ν (1)

where F_1(Q^2) and F_2(Q^2) are the so-called Dirac and Pauli form factors and κ is the anomalous magnetic moment. This symmetry is expected to be exact. The second is the isospin invariance. Although this symmetry is not exact, being of dynamical origin, it is expected to be only slightly broken in a realistic theory of strong interaction. Isospin invariance leads to the introduction of isoscalar, F^S_1 and F^S_2 , and isovector, F^V_1 and F^V_2 , form factors, and hence to relations among proton and neutron form factors. The observed Sachs form factors, G_E and G_M can be obtained by the relations

G_{Mp} = ( F^S_1 + F^V_1 ) + ( F^S_2 + F^V_2 ) G_{Ep} = ( F^S_1 + F^V_1 ) − τ ( F^S_2 + F^V_2 ) G_{Mn} = ( F^S_1 − F^V_1 ) + ( F^S_2 − F^V_2 ) G_{En} = ( F^S_1 − F^V_1 ) − τ ( F^S_2 − F^V_2 ) (2) with τ = Q^2/4M^2_N . These relations also satisfy another constraint, namely the kinematical constraint G_E (−4M^2_N ) = G_M (−4M^2_N ). This constraint is of crucial importance in the time-like region, while playing a minor role in the space-like region.

Different models of the nucleon correspond to different assumptions for the Dirac and Pauli form factors. In 1973 [5] a model of the nucleon in which the external photon couples to both an intrinsic structure, described by the form factor g(Q^2), and a meson cloud, treated within the framework of the vector meson (ρ, ω and φ) dominance, was suggested. In this model, the Dirac and Pauli form factors are parametrized as

F^S_1 (Q^2) = 1 2 g(Q^2)[(1 − β_ω − β_φ)

+β_ω m^2_ω m^2_ω + Q^2

+ β_φ m^2_φ m^2_φ + Q^2

] (3)

F^V_1 (Q^2) = 1 2 g(Q^2)[(1 − β_ρ) + β_ρ m^2_ρ m^2_ρ + Q^2 ]

F^S_2 (Q^2) = 1 2 g(Q^2)[(−0.120 − α_φ) m^2_ω m^2_ω + Q^2

+α_φ m^2_φ m^2_φ + Q^2

] (4)

F^V_2 (Q^2) = 1 2 g(Q^2)[3.706 m^2_ρ m^2_ρ + Q^2

] (5)

In Ref. [5], three forms of the intrinsic form factor g(Q^2) were used. The best fit was obtained for g(Q^2) = (1 + γQ^2)^{−2}. This form will be used in the remaining part of this paper. Before comparing with the data, an additional modification is needed. In view of the fact that the ρ meson has a non-negligible width, one needs to make the replacement

m^2_ρ m^2_ρ + Q^2 → m^2_ρ + 8Γ_ρm_π/π m^2_ρ + Q^2 + (4m^2_π + Q^2) Γ_ρα(Q^2)/m_π (6) where α ( Q^2 ) = 2 π [ 4m^2_π + Q^2 Q^2

]_{1/2} ln ( √ 4m^2_π + Q^2 + √ Q^2 2m_π ) . (7)

This replacement is important for small Q^2, although, because of the logarithmic dependence of the ππ cut expressed by the function α(Q^2), its effect is felt even at moderate and large Q^2.

2.1. The ratio of electric to magnetic form factors of the proton

By using the coupling constants given in Table 1 of Ref. [5], β_ρ = 0.672, β_ω = 1.102, β_φ = 0.112, α_φ = −0.052, an intrinsic form factor with γ = 0.25 (GeV/c)^{−2}, standard values of the masses (m_ρ = 0.765 GeV, m_ω = 0.784 GeV, m_φ = 1.019

GeV), and a ρ width Γ_ρ = 0.112 GeV, one can calculate the ratio μ_pG_{Ep} /G_{Mp} . The result is shown with the new data [2, 3] in Fig.1. The agreement is astonishing. Fig. 1 also shows the remarkable result that the electric form factor of the proton crosses zero at Q^2 ∼ 8 (GeV/c)^2. It would be of utmost importance to measure the ratio μ_pG_{Ep} /G_{Mp} at Q^2 ≥ 6 (GeV/c)^2. A measurement of the zero of the electric form factor, adding to the already measured sharp drop from 1 at Q^2 = 0 to ∼ 0.27 at Q^2 = 5.6 (GeV/c)^2, would unequivocably establish the complex nature of the nucleon. In the model put forward in 1973, the nucleon has both an intrinsic

Fig. 1. The measured ratio μ_pG_{Ep} /G_{Mp} compared with the 1973 prediction. Ref. [2]: open square. Ref. [3]: filled circle.

structure (presumably three valence quarks) and additional contributions (presumably qq̄ pairs). (The complex nature of the nucleon resulting from electromagnetic form factors is in accord with results obtained by the EMC collaboration [6], where the additional, non q^3, components were attributed to gluons.) An estimate of the spatial extent of the intrinsic region (where the fundamental quarks sit) can be obtained from the value of γ in the intrinsic form factor. The r.m.s. of this distribution is ∼ 0.34 fm, much smaller that the proton r.m.s. radius ∼ 0.87 fm. The zero in the electric form factor is a consequence of the two-term structure of Eq. (2), in particular of the fact that the second term is multiplied by −Q^2/4M^2_N . Any model with a two-term structure will produce results in qualitative agreement with data. Indeed three of the descriptions considered in Ref. [3], a soliton model [7], and two relativistic constituent quark models [8, 9] have this structure and produce results in qualitative agreement with experiment. Also the introduction of relativity in non-relativistic quark models goes in the direction of reducing the ratio [10]. To discriminate between various models it is necessary to find precisely at which value the zero occurs.

2.2. The magnetic form factor of the proton

The agreement between the theory and data for the proton form factors is not limited to the ratio μ_pG_{Ep} /G_{Mp} . Consider the magnetic form factor G_{Mp} . For convenience of display, normalize it to the so-called dipole form factor, G_D = (1 + Q^2/0.71)^{−2}. The data [11, 12, 1] in the interval 0 ≤ Q^2 ≤ 10 (GeV/c)^2 are plotted in Fig. 2. They show an ondulation, crossing the value one at Q^2 ∼ 0.6 (GeV/c)^2 and again at ∼ 6 (GeV/c)^2. The calculation is in excellent agreement with the data, with crossing points at precisely the same values ∼ 0.6 and 6 (GeV/c)^2. The observed ondulation is proof that vector meson (with masses μ^2 ∼ 0.5 − 1.0 (GeV/c)^2) components are important. Without the ρ meson component, the form factor should behave smoothly (see Fig. 3 of Ref. [5]).

Fig. 2. Experimental values G_{Mp} /μ_pG_D compared with calculation. Ref.[11]: open square. Ref. [12]: filled circle. Ref. [1]: filled diamond.

2.3. The magnetic form factor of the neutron

Having established the structure of the proton, we turn to that of the neutron. This is dictated by the isospin invariance. Measurements of the neutron form factors are obscured by the knowledge of the wave functions of deuterons or He^3. Older measurements are either in disagreement (for Q^2 > 1 (GeV/c)^2) or in marginal agreement (Q^2 < 1 (GeV/c)^2) with the 1973 model. However, the situation here appears to be similar to the situation for the proton form factors previous to the experiments of Jones et al. [2] and Gayou et al. [3]. We consider first the region Q^2 ≤ 1 (GeV/c)^2. An analysis (2001) of recent experiments by Golak et al. [13] and by Anklin et al. [14] shows that the new data for G_{Mn} /G_D points to an ondulation with a crossing point at ∼ 0.6 (GeV/c)^2, as predicted by isospin invariance and Eq. (2). This ondulation was absent in the old data. A comparison between the new data and the calculation is shown in Fig. 3. For Q^2 ≥ 1 (GeV/c)^2, the calculation is in disagreement with the old data. While the data remain close to 1, the calculation keeps increasing. New (unpublished) data at TJNAF appear to indicate that G_{Mn} /G_D does not increase as Q^2 increases. If these data are confirmed, one must conclude that either isospin invariance is broken above 1 (GeV/c)^2 or that there are additional components in the neutron that are not present in the proton.

Fig. 3. Recent experimental values for G_{Mn} /μ_nG_D compared with calculation. Ref. [13]: open square. Ref. [14]: filled circle.

2.4. The electric form factor of the neutron

A similar situation occurs for the new (1999) data for the electric form factor G_{En} by Herberg et al. [15], Passchier et al. [16], Ostrick et al. [17], Rohe et al. [18] and Zhu et al. [19]. These are in fair agreement with the calculation as shown in Fig. 4. For Q^2 ≥ 1 (GeV/c)^2, the calculation is in disagreement with the new unpublished data. While the data remain close to 0.05, the calculation keeps decreasing and crosses zero at ∼ 1.4 (GeV/c)^2. It would be of the utmost importance to measure G_{Mn} and G_{En} at Q^2 ≥ 1 GeV^2 in an as much as possible model-independent way. A measurement of the ratio μ_nG_{En} /G_{Mn} similar to that done for the proton, perhaps using the reaction d(−→e , e^′−→n )p [20], will be of great value. Similar observations can be made for G_{En} . In the present analyses, this form factor is even more sensitive to the models than G_{Mn} .

3. Scaling laws

Another important question is the extent to which the new data support scaling laws [21]. The parametrization of Eq. (3) is consistent with scaling laws expected from perturbative QCD, F_1 ∼ 1/Q^4, F_2 ∼ 1/Q^6, except for F^V_2 whose asymptotic

Fig. 4. Recent experimental values for G_{En} compared with calculation. Ref. [15]: open square. Ref. [16]: filled circle. Ref. [17]: filled diamond. Ref. [18]:open up triangle. Ref. [19]: open circle.

behavior (Q^2 → ∞) is

F^V_2 (Q^2) →

3.706 2γ^2Q^6 m^2_ρ + 8Γ_ρm_π/π 1 + Γ_ρ m_π 2 π ln 2 √ Q^2 4m^2_π

, (8)

that is with a weak logarithmic dependence due to the effective ρ mass induced by the ρ width. The scaling properties of F_1 and F_2 are determined by the only length scale in the problem, namely the size of the intrinsic quark structure 1/γ. In order to have a quantitative estimate of the value of Q^2 at which the scaling is reached, we use the following definition: a function f(z) is said to be x% scaled when its value is x% of the asymptotic value f_{as}(z). The value at which this condition is met is the solution of the equation | f(z) |= x | f_{as}(z) |. For the form factors F^S_1 , F^V_1 , F^S_2 , and with minor modifications also for F^V_2 , scaling properties are determined by the function g(Q^2). Using the value γ = 0.25 (GeV/c)^{−2}, one obtains an estimate of the scaling properties. The function g(Q^2) is 80% scaled at Q^2 ≥ 34 (GeV/c)^2. This value is much larger than conventionally believed, i.e. Q^2 ∼ 4 (GeV/c)^2. (The dipole form G_D(Q^2) is 80% scaled at Q^2 ∼ 6 (GeV/c)^2.) The situation for the scaling properties of the form factors G_E and G_M is more complex. The parametrization of Eq. (3) is consistent, apart from a weak logarithmic dependence, with the scaling laws of perturbative QCD, G_E ∼ G_M ∼ 1/Q^4. However, relativity introduces here another scale, 4M^2_N = 3.52 (GeV/c)^2, and, independently from the actual value of the size scale γ, relativistic invariance requires that scaling is not reached unless Q^2 is greater than a few times 4M^2_N . (This is particularly so for the electric form factors). To check the scaling properties, it would be of utmost importance to measure the ratio μ_pG_{Ep} /G_{Mp} with the recoil polarization method beyond 10 (GeV/c)^2.

Another prediction from the perturbative QCD is that the ratio G_{Mp} /G_{Mn} approaches zero from the negative side for large Q^2,

G_{Mp} G_{Mn}

→ 0^− (9)

as a power of ln(Q^2/Λ^2) [22]. The predictions of the model discussed here are G_{Ep} → −4.08/Q^4, G_{Mp} → 0.9120/Q^4, and G_{En} → −10.86/Q^4, G_{Mn} → −4.33/Q^4 from which one can obtain

G_{Mp} G_{Mn}

→ −0.21. (10)

The electric values have been obtained by estimating the logarithmic dependence at Q^2 = 100 (GeV/c)^2. Checking this prediction requires the measurement of G_{Mn} at large Q^2. Both the p-QCD result and the 1973 result are in disagreement with the SU(6) value −3/2 often used in experimental analyses.

The extent to which dimensional scaling is valid has been in recent years the subject of many investigations [23]. It has been suggested that the appropriate scaling variable is QF_{2p}(Q^2)/F_{1p}(Q^2) instead of Q^2F_{2p}(Q^2)/F_{1p}(Q^2). Using Eq. (3), one can easily calculate QF_{2p}(Q^2)/F_{1p}(Q^2). From this calculation one can see that the quantity QF_{2p}(Q^2)/F_{1p}(Q^2) remains flat in the interval 2 ≤ Q^2 ≤ 10 (GeV/c)^2 and drops from there on, especially after dimensional scaling is reached at Q^2 ≥ 34 (GeV/c)^2 (see Fig. 5). The scaling with Q is thus accidental and appropriate only to the intermediate region.

Fig. 5. The experimental ratio QF_{2p} /F_{1p} compared with calculation in the range 0 ≤ Q^2 ≤ 10 (GeV/c)^2 (top) and 0 ≤ Q^2 ≤ 100 (GeV/c)^2 (bottom). Ref. [2]: open square. Ref. [3]: filled circle.

4. Low-Q^2 behavior

The low-Q^2 behavior can also be analyzed in the explicit form by using lim_Q2_{→0} α(Q^2) = (2/π)(1 +^1_3 Q^2/(4m^2_π)). From the slopes of the form factors at Q^2 → 0, one can calculate the mean square radii, defined as ⟨r^2⟩ = −6dG/d(Q^2).

The resulting r.m.s. radii are: ⟨r^2⟩^{1/2}_{Ep} = 0.817 fm, ⟨r^2⟩^{1/2}_{Mp} = 0.826 fm and

⟨r^2⟩^{1/2}_{Mn} = 0.839 fm. The neutron electric form factor has a slope at Q^2 → 0 of dG_{En} /d(Q^2) = 0.500 (GeV/c)^2. These values are in agreement with old experimental data. Accurate proton values are of crucial importance for the interpretation of other experiments, such as the muon g − 2. The calculated proton electric r.m.s. radius is in disagreement with recent Lamb shift measurements in hydrogen. The origin of this discrepancy must be investigated.

5. Stability against perturbations

In conclusion, the new data clearly point out that the structure of the proton is rather complex and that it contains at least two components. The data appear to be in agreement in the entire measured range with a calculation in which the two component are an intrinsic structure, presumably q^3, and a meson cloud, q^3qq̄, the latter being expressed through vector mesons (ρ, ω, φ). The situation for the neutron is different. The new data are in agreement with the 1973 calculation up to 1 (GeV/c)^2. From there on, they appear to be in disagreement with the new (unpublished) data [24]. One can inquire whether addition of other ingredients changes this conclusion. There are three contributions that can be analyzed easily.

(i) The role of additional vector mesons, ρ(1450), ω(1390), φ(1680) [25]. (ii) The addition of an intrinsic piece to the Pauli form factor F^V_2 . This can be done by the replacement

3.706 m^2_ρ m^2_ρ + Q^2

→ (3.706 − α_ρ) 1 (1 + γQ^2)

+ α_ρ m^2_ρ m^2_ρ + Q^2

. (11)

The additional piece must be of this type to insure the proper behavior of F^V_2 for Q^2 → 0 and Q^2 → ∞.

(iii) The role of the widths of ω, φ as well as the effect of changing the width of the ρ meson from the value used in Ref. [5].

The qualitative features are not affected by these changes, although quantitatively one can make some improvements on the form factor of the neutron. However, because of the isospin invariance, an improvement in the neutron form factors produces a deterioration in the description of the proton data. It does not appear that the problem of the neutron form factor at large Q^2 can be solved by these changes. To solve this problem, one needs to introduce terms which act only on the neutron, that is terms with F_S = −F_V . Work in this direction is in progress.

One can also check whether the logarithmic dependence of pertubative QCD

Q^2 → Q^2 ln [( Λ^2 + Q^2 ) /Λ^2_{QCD} ] ln [ Λ^2/Λ^2_{QCD}

] (12) with Λ = 2.27 GeV/c and Λ_{QCD} = 0.29 GeV/c [26] produces major changes in the conclusions. This does not appear to be the case at least up to Q^2 = 10 (GeV/c)^2.

6. Consequences of the new experiment

Finally, the experimental results of Jones et al. [2] and Gayou et al. [3], confirming the model calculation of Ref. [5], has implications for all hadronic physics.

6.1. Time-like form factors

By an appropriate analytic continuation in the complex plane, the form factor of Eq. (3) can be used to analyze form factors in the time-like region. These can be and have been experimentally obtained in the reactions pp̄ → e^+e^− and e^+e^− → pp̄. A simple analytic continuation of the intrinsic form factor, g(Q^2), into

g(Q^2) = 1 (1 + γe^{iθ}Q^2)^2

(13)

with θ = 53^∘ appears to indicate that the form factors (3) are in agreement with the data [27]. This calculation will be presented elsewhere [28].

6.2. Inelastic form factors

The two-component structure of the nucleon will reflect itself also in the inelastic form factors ep → eN^∗. A calculation of the form factor factor ep→ eΔ(1232) is in progress.

6.3. Other hadronic form factors

A situation similar to that observed in the nucleon appears to occur also in other hadrons. A calculation of the pion form factor in the two-component framework

F_π(Q^2) = g_M (Q^2)[(1 − β_ρ) + β_ρ m^2_ρ m^2_ρ + Q^2

] (14)

with

g_M (Q) = 1 (1 + γ_M Q^2)

(15)

appears to be in excellent agreement with the recent experiment [29]. Note that the intrinsic form factor for mesons, g_M (Q^2), is different from that for baryons, as it has one less power of (1 + γQ^2) in the denominator, consistent with p-QCD.

7. Conclusions

The main conclusions that one can draw from the analysis of recent experimental data on electromagnetic form factors are:

(i) the proton appears to have a complex structure with at least two components, an intrinsic component (valence quarks) and a meson cloud (qq̄ pairs). The size of the intrinsic structure is r.m.s. ∼ 0.34 fm.

(ii) Perturbative QCD is not reached in the proton up to Q^2 ∼ 10 (GeV/c)^2. Physics up to this scale is dominated by a mixture of hadronic and quark components.

(iii) Symmetry (in particular relativistic invariance), rather than detailed dynamics, appears to be the determining factor in the structure of the proton.

The situation appears to be different for the neutron. Here recent experimental data up to 1 (GeV/c)^2 are consistent with isospin invariance and the structure of the proton, while preliminary data at Q^2 ≥ 1 (GeV/c)^2 appear to indicate that either isospin invariance is broken or that additional components play a role. It would be of the utmost importance to understand this discrepancy.

Acknowledgements

This work was performed in part under DOE Grant No. DE-FG-02-91ER40608. I wish to thank A. D. Jackson and A. Lande for discussions.

References

[1] L. Andivahis et al., Phys. Rev. D 50 (1994) 5491. [2] M. K. Jones et al., Phys. Rev. Lett. 84 (2000) 1398. [3] O. Gayou et al., Phys. Rev. Lett. 88 (2002) 092301.

[4] J. D. Bjorken and S. D. Drell, Relativistic Quantum Mechanics, McGraw-Hill, New York (1964).

[5] F. Iachello, A. D. Jackson and A. Lande, Phys. Lett. B 43 (1973) 191. [6] J. Ashman et al., Nucl. Phys. B 328 (1989) 1. [7] G. Holzwarth, Z. Phys. A 356 (1996) 339.

[8] M. R. Frank, B. J. Jennings and G. A. Miller, Phys. Rev. C 54 (1996) 920. [9] F. Cardarelli and S. Simula, Phys. Rev. C 62 (2000) 065201. [10] M. DeSanctis et al., Phys. Rev. C 62 (2000) 025208. [11] W. Bartel et al., Nucl. Phys. B 58 (1973) 429. [12] P. E. Bosted et al., Phys. Rev. C 42 (1990) 38. [13] J. Golak et al., Phys. Rev. C 63 (2001) 034006. [14] H. Anklin et al., Phys. Lett. B 428 (1998) 248. [15] C. Herberg et al., Eur. Phys. J. A 5 (1999) 131. [16] J. Passchier et al., Phys. Rev. Lett. 82 (1999) 4988.

[17] H. Ostrick et al., Phys. Rev. Lett. 83 (1999) 276. [18] D. Rohe et al., Phys. Rev. Lett. 83 (1999) 4257. [19] H. Zhu et al., Phys. Rev. Lett. 87 (2001) 081801. [20] B. D. Milbrath et al., Phys. Rev. Lett. 80 (1998) 452.

[21] G. P. Lepage and S. J. Brodsky, Phys. Rev. Lett. 43 (1979) 545; Phys. Rev. D 22 (1980) 2157.

[22] G. P. Lepage and S. J. Brodsky, Phys. Rev. Lett. 43 (1979) 1625(E). [23] J. Ralston et al., in Interactions between Particle and Nuclear Physics, AIP Conf. Proc.

No. 549, AIP, Melville, NY (2000) p. 302. [24] R. Madey, private communication. [25] E. L. Lomon, Phys. Rev. C 64 (2001) 035204. [26] M. Gari and W. Krumpelmann, Phys. Lett. B 173 (1986) 10. [27] M. Ambrogiani et al., Phys. Rev. D 60 (1999) 032002. [28] F. Iachello and Q. Wan, in preparation. [29] J. Volmer et al., Phys. Rev. Lett. 86 (2001) 1713.

STRUKTURA NUKLEONA IZ ELEKTROMAGNETSKIH FAKTORA OBLIKA

Razmatraju se novi podaci iz TJNAF za omjer električnih i magnetskih faktora oblika polazeći od modela nukleona s unutarnjom (kvarkovskom) grad–om i mezonskim (kvark-antikvark) oblakom. Analiza pokazuje neočekivan ishod: protonski električni faktor oblika iščezava na Q^2 ∼ 8 (GeV/c)^2 i za više Q^2 postaje negativan. Korijen iz srednjekvadratnog (k.s.k.) polumjera unutarnje grad–e ocjenjuje se na oko 0.34 fm, što je mnogo manje od protonskog k.s.k. polumjera od oko 0.87 fm. Računi su u odličnom slaganju s protonskim podacima, ali znatno odstupaju za neutronske podatke za Q^2 > 1 (GeV/c)^2. Relativistička invarijantnost je ključna sastavnica koja uzrokuje iščezavanje G_{Ep} . Čini se da je glavni faktor koji odred–uje grad–u nukleona simetrija, a ne dinamika. Čini se takod–er da se skaliranje javlja tek na mnogo većim Q^2 nego se ranije smatralo – iznad 30 (GeV/c)^2.