University Leipzig, Preprint NTZ 16/97 June 1997

Diffractive C = +1 Meson Production in γ^�p Collisions as a Signal of Odderon Exchange^1

R. Engel^§, D.Yu. Ivanov^{†$}, R. Kirschner^† and L. Szymanowski^{†#}

§ Deutsches Elektronen-Synchrotron DESY, D-22603 Hamburg, Germany

†Naturwissenschaftlich-Theoretisches Zentrum und Institut für Theoretische Physik, Universität Leipzig Augustusplatz 10, D-04109 Leipzig, Germany

$ Institut of Mathematics, 630090 Novosibirsk, Russia

# Soltan Institut for Nuclear Studies, Hoża 69, 00-681 Warsaw, Poland

Abstract: We calculate the cross section of diffractive C = +1 neutral meson production in virtual photon proton collision at high energies. Due to the opposite C parities of photon and meson M^+ (M^+ = η_C , π^0, a_2) this process probes the t-channel C = −1 odderon exchange, which is described here as noninteracting three–gluon exchange. Estimates for the cross section of inelastic diffractive γ^∗p → η_C X_p process are presented . The total photoproduction cross section of η_C meson photoproduction is found to be 47 pb. The cross sections for the diffractive production of light mesons (π^0, a_2) in γ^∗p collisions are of the same order if Q^2 ∼ m^2_C .

1Supported by German Bundesministerium für Bildung, Wissenschaft, Forschung und Technologie, grant No. 05 7LP91 P0, and in the framework of the German-Polish agreement on scientific and technological cooperation, grant No. N - 115 - 95.

1 Introduction

The increase of luminosity at HERA offers the possibility of experimental investigations of diffractive processes of photo- and electroproduction of neutral charge parity even mesons M^+ = π^0, a_2, η_C at high energies. (see, for example, [1]). Studies of these reactions are of great interest since the opposite C parities of photon (C = −1) and M^+ meson cause definite C parity C = −1 of the t- channel exchange. Therefore the pomeron exchange being most important at high energies does not contribute there. Therefore, these processes allow for clean investigations of other Regge trajectories which are characterized by negative C = −1 parity.

The reggeons having C = −1 are ω trajectory and odderon. According to the fit to data for the total hadron–hadron cross sections the intercept of ω trajectory is small (near 1/2) [2] and its contribution decreases with energy. The odderon is the C odd partner of pomeron with an intercept ≥ 1 and was introduced long time ago [3]. It is assumed that the odderon is related to gluonic degrees of freedom. The odderon exchange results in a difference between, for example, total pp and p⃗p cross sections which does not decrease with the energy. Up to now there is no indication of that difference in present high energy pp and pp̄ data. Also odderon effects have not been observed in other soft hadronic collisions.

The reasons for the absence of the odderon exchange in soft hadronic reactions remains to be understood since in perturbative QCD the pomeron and the odderon appear on the equal footing. In Leading Logarithmic Approximation (LLA) of perturbative QCD the pomeron corresponds to the exchange of two interacting reggeized gluons (hard pomeron), whereas odderon is described by exchange of three interacting reggeized gluons (hard odderon), see [4]. In Born approximation, i.e. considering the pure three–gluon exchange in the t- channel, the intercept of odderon is equal to 1. The effect of gluon interactions is expected to increase of odderon intercept [5]. Therefore the hard odderon should manifest itself in hard diffractive processes at high energies.

The idea to study odderon exchanges in the diffractive meson production was considered by Schäfer, Mankiewicz and Nachtmann in Ref. [6] where the odderon exchange was treated purely phenomenologically, in analogy to the one-photon exchange. The possibility to probe the hard odderon in processes of light meson production in photon-photon collisions at large t was considered in [7]. Recently exclusive η_C photoproduction on proton was studied by Czyżewski et al. in [8] describing the odderon as three-gluon exchange.

In this paper we shall calculate the diffractive production of C = +1 mesons in Born approximation, i.e. involving the exchange of three noninteracting gluons in the t-channel. We use assumptions similar to the ones made in [8], though our method of calculation is different. For the calculations the impact factors obtained in [7] are used. The results for heavy mesons are compared with [8] and discrepancies are discussed. Furthermore diffractive production of light mesons

M^+ = π^0, a_2, . . . in virtual photon-proton interactions and the process of diffractive production of mesons at large t, where the proton disintegrates are studied.

2 Method of calculation

In the following we consider diffractive meson production processes which can be characterized by at least one hard scale. This scale is either the mass of the heavy quark in the case of η_C production or the virtuality of photon Q^2 for light mesons production.

The quasi-elastic production of a M^+ meson is shown in Fig.1. The mean transverse distance of the quarks in the upper block of Fig.1 is ∼ 1/m_c, 1/Q. The other essential (soft) scale in our problem is the mean transverse separation between the quarks in proton ∼ 1/m_ρ (lower part of Fig.1). With the growth of transfered momentum |t| ≥ m^2_ρ the process with photon disintegration shown at Fig.2 becomes more probable than the elastic one (Fig.1). In the region of large t (|t| ≫ Λ^2_{QCD}) the cross section for this process can be expressed through the photon-quark cross section and the quark densities inside the proton. In this case there is no soft scale and we deal with a purely hard diffractive process where the perturbative odderon should contribute.

We do not discuss here the production of light mesons by real photons. Those are purely soft processes and their cross sections should be larger than the cross sections of hard processes γ^∗p → π^0(a_2)p, γ^∗p → η_C p.

The amplitude determined by three–gluon exchange can be written in impact representation as an integral over the gluon transverse momenta ⃗κ_i [7] M = s 3(2π)^4 ∫ d^2κ_1 d^2κ_2 ⃗κ^2_1 ⃗κ^2_2 ⃗κ^2_3

J_γ�_M (⃗κ_1, ⃗κ_2; ⃗q) · J_{pp}(⃗κ_1, ⃗κ_2; ⃗q) . (1)

The kinematical notations are given in Fig.1. Here s = (q + p)^2, t = (p_1 − p_M )^2 = −⃗q^2 is the momentum transfer with ⃗q = ⃗κ_1 + ⃗κ_2 + ⃗κ_3. The impact factors J_{γM} and J_{pp} correspond to the upper and lower part of Fig. 1, correspondingly.

The impact factor of γ^∗ → M transition, J_γ�_M , can be derived from QCD. It can be expressed through the amplitude for the qq̄ production J_γ�_{qq̄} which has the form [7]

J_γ�_{qq̄} = eg^3Q_q ( d^{abc} 4N ) ū_1 [ · · · ] p̂_2 s u_2 [ · · · ] = mRê − 2x( ⃗Q⃗e) − Q̂ê R = ( 1 m^2_0 + ⃗q^2_1 − 3∑ i=1 1 m^2_0 + (⃗κ_1 − ⃗q_1)^2 ) − (⃗q_1 ↔ ⃗q_2) ⃗Q = ( ⃗q_1 m^2_0 + ⃗q^2_1 + 3∑ i=1 ⃗κ_i − ⃗q_1 m^2_0 + (⃗κ_1 − ⃗q_1)^2 ) + (⃗q_1 ↔ ⃗q_2) m^2_0 = m^2 + Q^2x(1 − x) (2)

In the above equation e^μ = (0, ⃗e, 0) is the polarization vector of the photon. We denote also as usual α = e^2/4π = 1/137, α_s = g^2/4π, Q_qe is the quark charge and d^{abc} are totally symmetric structure constant for SU(N) color group. ⃗q_1 and ⃗q_2 are the transverse momenta of quark and antiquark, 0 < x < 1 is the fraction of quark longitudinal momentum. The virtuality of photon is p^2_1 = −Q^2, m is the quark mass. u_1 = u(q_1), u_2 = u(q_2) are the quark spinors. It is convenient to introduce the variables

ξ = 2x − 1 , ν =

4m^2 + Q^2(1 − ξ^2) ⃗q^2 . (3)

We will neglect the transverse motion of quarks inside meson (the collinear approximation). Then the qq̄ → M transition is described by the Eq. (2), in which quark spinors are substituted by the meson wave function (see e.g. [9, 10]) One gets (a) for the tensor meson T with helicity λ = 0

Q_qū_1 . . . u_2 → Q_T 4N +1∫ −1 dξf_T φ_T (ξ)T r (. . . p̂_3) (4)

(b) for the pseudoscalar mesons P

Qū_1 . . . u_2 → Q_P 4N +1∫ −1 dξf_P φ_P (ξ)T r ( . . . γ^5p̂_3 ) . (5)

The trace is performed over vector and color indices. The quantity Q_M (M = P, T ) is the average quark charge in the meson M. For instance |π^0 >= (|uū > −|dd̄ >)/ √ 2, therefore

Q_π = 1 √ 2 (+ 2 3 − (− 1 3 )) = 1 √ 2 . It should be noticed that the production of tensor mesons with the helicity λ = ±1, 2 is suppressed in LLA at least by a factor ∼ ( Λ^2_{QCD}/Q^2 ) [7].

According to Ref.[9] we adopt for numerical calculations the following parametrizations for the wave functions and the coupling constants: (a) for the all light tensor mesons T

φ_T (ξ) =^{15}_4 ξ (1 − ξ^2) ; f_T = 85 MeV ; (6) Q_{a2} =^{1√}_2 , Q_{f2} =^1_3^√_2 , Q_f0_2 =^1_3

(assumed here that the mixing to be an ideal one, i.e. supposing f^′ to be consisted from ss̄- quark only).

(b) for the light pseudoscalar mesons P

φ_P (ξ) = 3 4 (1 − ξ^2) asymptotical form 15 4 ξ^2(1 − ξ^2) Chernyak-Zhitnitsky form

; (7)

f_π = 133 MeV , f_η = 150 MeV , f_η0 = 110 MeV ; (8) Q_π =^{1√}_2 , Q_η = 0.38 , Q_η0 = 0.14

(the standard ηη^′- mixing is taking into account). (c) for η_C meson φ_{ηC} = δ(ξ) , f_{ηC} = 400 MeV . (9)

The photon width of η_C is expressed through f_{ηC} as Γ_{ηC →γγ} =^{e4cf2ηC}_{4πmηC} = 7 KeV [14].

We use delta function for the wave function of heavy mesons. This is equivalent to the non-relativistic approximation. In the case of light meson production we take into account the nontrivial longitudinal motion of the light quarks.

The conditions of the collinearity of quark momenta are

⃗q_1 = 1 2 (1 + ξ)⃗q, ⃗q_2 = 1 2 (1 − ξ)⃗q, (10) Taking into account these relations we insert Eqs. (4,5) into Eq. (2) to obtain the impact-factors J_{γT} , J_{γP}

J_γ�_T (⃗κ_{1,2}, ⃗q) = eg^3 ( d^{abc} 4N ) Q_T 2 +1∫ −1 dξf_T φ_T (ξ)ξ ⃗Q⃗e (11)

J_γ�_P (⃗κ_{1,2}, ⃗q) = eg^3 ( d^{abc} 4N ) Q_P 2 +1∫ −1 dξf_P φ_P (ξ) [ ⃗e × ⃗Q ] (12)

Let us introduce dimensionless vectors ⃗r_i instead of ⃗κ_i: ⃗κ_i = 1 2 (⃗r_i + ⃗n) | ⃗q | , ⃗n = ⃗q/| ⃗q | (13) With the use of these variables the impact-factors (11,12) can be written as

J_γ�_M (⃗κ_{1,2}, ⃗q) = eg^3 ( d^{abc} 4N ) Q_M f_M | q | ( ⃗e ⃗F_T ) for M = T [ ⃗e × ⃗F_P ] for M = P

(14)

⃗F_M = +1∫ −1 dξ {[ ⃗n(1 + ξ) ν + (1 + ξ)^2 + 3∑ i=1 ⃗r_i − ⃗nξ ν + (⃗r_i − ⃗nξ)^2 ] + [ξ ↔ −ξ] }

· { ξφ_T (ξ) for M = T φ_P (ξ) for M = P

It should be noted that ⃗F_M (⃗r_i, ⃗n) → 0 at ⃗r_i → −⃗n.

The impact factor which describes the lower part of Fig.1 (J_{pp}) cannot be calculated in the region of small momentum transfers (|t| ≤ Λ^2_{QCD}) within perturbative QCD since the mean transverse distance between the quarks inside the proton is large. Therefore, a phenomenological ansatz is used for this quantity. There are several restrictions on this impact factor imposed by gauge invariance: J_{pp} must vanish when ⃗κ_i (i = 1, 2, 3) tends to zero. This property ensures the convergence of the integral in Eq. (1). Bose symmetry demands that J_{pp} should be symmetric under interchange of t-channel gluons. The impact factors J_{γq⃗q}, J_{γM} discussed above satisfy both those requirements.

For J_{pp} we use the expression derived by Fukugita and Kwieciński within the eikonal model [11]. In our conventions it reads

J_{pp}(⃗κ_1, ⃗κ_2, ⃗κ_3) =

ḡ^3 ( d^{abc} 4N ) · 3 · [ F (⃗q, 0, 0) − 3∑ i=1 F (⃗κ_i, ⃗q − ⃗κ_i, 0) + 2F (⃗κ_1, ⃗κ_2, ⃗κ_3) ] (15)

where ⃗q = ⃗κ_1 + ⃗κ_2 + ⃗κ_3 and

F (⃗κ_1, ⃗κ_2, ⃗κ_3) =

A^2 A^2 +^1_2 [(⃗κ_1 − ⃗κ_2)^2 + (⃗κ_2 − ⃗κ_3)^2 + (⃗κ_3 − ⃗κ_1)^2]

(16)

with ḡ^2/(4π) ≈ 1 and A = m_ρ/2. This eikonal model describes correctly the values of total hadronic cross sections [12, 11]. The normalization in Eq. (15) can be understood in the following way. The three-gluon impact factor of point like fermions does not depend on gluon momenta. Hence this coupling is simply the number [7]

J^{3G}_{qq} = g^3 ( d^{abc} 4N ) . (17)

The first term in square brackets in Eq. (15) results from diagrams where all three t-channel gluons couple to the same quark line. When q is equal to zero the interaction with the t-channel gluons does not disturb quark motion and, due to the normalization of proton wave function, this part of the proton impact factor is equal to 3 · g^3 (_{dabc} 4N ) where the factor 3 counts the number of constituent quarks inside the proton. In the case of the proton electromagnetic form factor this coefficient 3 will be changed to 1 due to the fractional electric charges of quarks

1 = 2/3 + 2/3 − 1/3. The other terms in square brackets of Eq. (15) describe the contribution of the other diagrams (where gluons couple to different quark lines). The whole expression (15) is gauge invariant and obeys Bose symmetry. In terms of dimensionless variables the proton impact factor reads

J_{pp} = 3ḡ^3 ( d^{abc} 4N ) F_p (18)

F_p = [ 1 1 + 4z − 3∑ i=1 1 1 + z(3⃗r^2_i + 1) + 2 1 +^z_2 [(⃗r_1 − ⃗r_2)^2 + (⃗r_2 − ⃗r_3)^2 + (⃗r_3 − ⃗r_1)^2] ] (19)

with z =^{⃗q2}_{m2ρ} , ⃗r_3 = −⃗r_1 − ⃗r_2 − ⃗n.

Substituting the impact factors (14, 18) into Eq. (1) the following expression for the amplitude is obtained

M_γ�_{p→Mp} = eg^3(μ^2)ḡ^3Q_M 5 18π^2 sf_M |t|^{3/2} I · { [⃗e × ⃗n] for M = P (⃗e · ⃗n) for M = T (20)

where I = 1 12π^2 ∫ d^2r_1d^2r_2 (⃗r_1 + ⃗n)^2(⃗r_2 + ⃗n)^2(⃗r_1 + ⃗r_2)^2

F_M F_p (21)

In the case of η_C production Eq.(20) can be compared with the results reported in [8]. Our amplitude (20) is 3 times smaller.

As already mentioned in the Introduction, at large t the diffractive process with proton dissociation γp → MX dominates over the elastic one. In this case the cross section can be expressed through the cross section of photon-quark scattering and the quark densities inside proton (Fig.2) dσ dt dx = ∑ q_i,⃗q_i dσ̂_{γq→Mq} dt [q_i(x, t) + q̄_i(x, t)] (22)

It is important to note that the three-gluon C-odd odderon does not couple to gluons in the proton [13].

3 Discussion of the results

The results which are presented below were obtained by numerical evaluation of the integral I in Eq. (20), and a similar integral for hard diffractive scattering on quark, with the replacement g^3ḡ^3 → g^6(μ^2). Let us start with the discussion of the results for elastic η_C production.

In the calculations we use the scale μ^2 = m^2_c , m_c = 1.5 GeV and Λ^{(4)}_{QCD} = 0.2 GeV . Our results for the unpolarized differential cross section for the process γ^∗p → η_C p are given in Fig.3. This cross section vanishes at t = 0, it reaches the maximum at |t| ≈ 0.5 GeV falling down for larger |t|. The differential cross section decreases rapidly with the growth of photon virtuality. In Fig. 3 we show also the result for Q^2 = 0 reported in Ref. [8] which is approximately 4 times larger than ours. We would expect here a factor 9 difference since the amplitude (20) is 3 times smaller than the one quoted in [8].

In Fig. 4 we present the cross section integrated over the region 0 < |t| < t_0 as a function of t_0. We see that the main part of total cross section originates from the region of small |t|. For real photoproduction the total cross section is 47 pb , it decreases with growing Q^2.

Let us discuss now the results for large momentum transfer t when the proton disintegrates. In this case coupling constant was evaluated at the scale μ^2 = |t|. The cross section of photon-quark scattering was convoluted with the GRV parametrization [15] of the quark densities, see Eqs. (22). The results are given in Figs. 5 and 6. Comparing these figures with the corresponding cross sections for elastic η_C production (Figs. 3, 4) one can see that process γ^∗p → η_C X_p is not considerably suppressed. For example its cross section is 11 pb for |t| > 3 GeV^2 and x ≥ 0.1.

Calculating light meson production we have an additional nontrivial integration over variable ξ, describing the longitudinal motion of light quarks. The results for the cross sections of π^0, a_2 meson production are shown in Figs. 7 and 8. The cross sections for other meson production can be readily obtained by changing corresponding coupling constants given in Eqs. (6,8). The strong coupling constant was evaluated at the scale μ^2 = Q^2 + |t|. In the case of π^0 production the asymptotic form of the wave function (7) was used. Comparing Eqs. (14) and (5,6) it can be seen that the formula for the amplitude of tensor meson production is similar to one for the production of pseudoscalar meson described by the Chernyak-Zhitnitsky wave function. They differ only in the meson coupling constants and polarization dependence. The unpolarized cross sections in that case differ by the coupling constants only, e.g. dσ_π = dσ_{a2}(^{fπ}_{fa2} )^2. Comparing the plots for π^0 and a_2 it is seen that the shape of differential cross sections depends strongly on the form of meson wave function. The position of the dip is very sensitive to the form of wave function of the light meson, it shifts to larger t with increasing photon virtuality Q^2.

In Tab. 1 the cross sections of diffractive meson production are compared. The cross sections of π^0, a_2 meson production are comparable to the cross section of η_C production for Q^2 ≈ m^2_c . They fall off very rapidly when Q^2 increases.

In the calculations of the elastic process γ^∗p → M^+p there is an important non-perturbative input – the three–gluon proton impact factor. The form of J_{pp} (proposed by Fukugita and Kwiecinski [11]) which we use looks very natural: it

Table 1: Table of cross sections for diffractive meson production (for light mesons |t| > t_0 = 3 GeV^2). The cross sections are given in pb.

meson / Q^2 [GeV^2] 0 1 2 5 10

η_C 47 33 24 11 - π^0 - - 100 8.4 1.1 a_2 - - 24 2.8 0.52

is gauge invariant, Bose symmetric and incorporates the parameters ḡ (frozen strong coupling) and a parameter related to the size of the proton A ≈ m_ρ/2. We suppose that the uncertainty related to its form does not affect seriously our value of differential cross section in the region of small momentum transfers, and the value of total cross section since it saturates mostly by the region of small t (see Figs. 3, 4). But it might be that at large transfers |t| >> Λ^2_{QCD} this impact factor has to be changed since it does not obey the dimensional counting rules. Note that there is no such uncertainty in the case of inelastic process γp → MX_p. The non-perturbative input, the quark densities in the proton, is known. Due to that this process has less theoretical uncertainties, but its cross section in the region t_0 < |t|, t_0 = 2 ÷ 3 GeV is smaller than the total cross section for the elastic process.

Our calculations are done in the Born approximation. One can try to estimate roughly the effects related to the interaction of t-channel gluons by multiplying the formulae for cross sections by the Regge factor (^s_{Λ2} )^{2(λodd−1)} . Using a value for the odderon intercept of λ_{odd} = 1.1 and Λ^2 ∼ m^2_{ηc} , Q^2 this factor can be as large as 5 at HERA energies.

The values of total cross sections which we calculated in the Born approximation are 47 pb for η_C photoproduction and similar values are obtained for production of light mesons by virtual photon, if its virtuality Q^2 ∼ m^2_c . These cross sections are small and it might be difficult to observe reactions with such cross sections at HERA. The situation is much better if the odderon intercept is greater than 1 and hence the cross sections would be a few times larger. Therefore it seems that the experimental searches for C = +1 mesons diffractive production at HERA can bring new interesting results.

Acknowledgments

D.Yu I. and L.Sz. would like to acknowledge the warm hospitality extended to them at University of Leipzig.

References

[1] S. Tapprogge, ”Resonances in multi-photon final states in positron proton scattering at HERA”, talk at International Conference on the ”Structure and the Interactions of the Photon” PHOTON 97, Egmond aan Zee, May 10-15 1997, to be published in the Proceedings [2] A. Donnachie and P.V. Landshoff, Phys. Lett. B 296 (1992) 227. [3] L. Łukaszuk and B. Nicolescu, Lett. Nuov. Cim. 8(1973)405 [4] J. Bartels, Nucl. Phys. B175(1980)365

J. Kwieciński and M. Praszalowicz, Phys. Lett. B94(1980)413 [5] P. Gauron, L.N. Lipatov and B. Nicolescu, Phys. Lett B304(1993)334; Z.

Phys. C63(1994)253 [6] A. Schäfer, L. Mankiewicz and O. Nachtmann, Proc. of the Workshop ”Physics at HERA”, Hamburg (Oct. 29-30, 1991), eds. W. Buchmüller and G. Ingelman [7] I.F.Ginzburg and D.Yu. Ivanov, Nucl. Phys. B388(1992)376. [8] J. Czyżewski, J. Kwieciński, L. Motyka and M. Sadzikowski, Phys. Lett.

B398(1997)400 [9] V.L. Chernyak and A.R. Zhitnitsky, Phys. Rep. 112(1984)173 [10] V.N. Baier and A.G. Grozin, Part. and Nucl. (USSR) 16(1985)5 [11] M. Fukugita and J. Kwieciński, Phys. Lett. B83(1979)119 [12] J.F. Gunion and D.E. Soper, Phys. Rev. D15(1977)2617 [13] I.F. Ginzburg, JETP Lett. 59(1994)605 [14] T.A. Armstrong et al., Phys. Rev. D52(1995)4839 [15] M. Glück, E. Reya, and A. Vogt, Z. Phys. C67(1995)433

Figures

Figure 1: The kinematics of elastic diffractive process γ^∗p → Mp.

Figure 2: The hard diffractive process γ^∗p → η_C X_p. X_p are the hadrons on that proton disintegrates.

Figure 3: Differential cross section for γ^∗p → η_C p. The strong coupling constant was evaluated with the scale μ^2 = m^2_c and Λ^{(4)}_{QCD} = 0.2 GeV.

Figure 4: Total cross section for the process γ^∗p → η_C p integrated over the region 0 < |t| < |t_0| as a function of |t_0|.The strong coupling constant was evaluated with the scale μ^2 = m^2_c and Λ^{(4)}_{QCD} = 0.2 GeV.

Figure 5: Differential cross section for inelastic process γ^∗p → η_C X_p. The strong coupling constant was evaluated with the scale μ^2 = |t| and Λ^{(4)}_{QCD} = 0.2 GeV. The integral over the quark densities in the proton was limited to x ≥ 0.1.

Figure 6: Total cross section for the process γ^∗p → η_C X_p integrated over the region |t_0| < |t|. The integral over the quark densities in the proton was limited to x ≥ 0.1. The strong coupling constant was evaluated with the scale μ^2 = |t| and Λ^{(4)}_{QCD} = 0.2 GeV.

Figure 7: The differential cross section for the process γ^∗p → π^0p. The pion wave function was approximated by asymptotical form. The strong coupling constant was evaluated with the scale μ^2 = Q^2 + |t| and Λ^{(4)}_{QCD} = 0.2 GeV.

Figure 8: The differential cross section for the process γ^∗p → a_2p. The strong coupling constant was evaluated with the scale μ^2 = Q^2+|t| and Λ^{(4)}_{QCD} = 0.2 GeV.