arXiv:hep-ph/0611381 v1 30 Nov 2006

Diffraction Patterns in Deeply Virtual Compton Scattering

Asmita Mukherjee

Physics Department, Indian Institute of Technology Bombay, Powai, Mumbai 400076, India

Abstract. We report on a calculation to show that the Fourier transform of the Deeply Virtual Compton Scattering (DVCS) amplitude with respect to the skewness variable ζ at fixed invariant momentum transfer squared t gives results that are analogous to the diffractive scattering of a wave in optics. As a specific example, we utilize the quantum fluctuations of a fermion state at one loop in QED to obtain the behavior of the DVCS amplitude for electron-photon scattering. We then simulate the wavefunctions for a hadron by differentiating the above LFWFs with respect to M^2 and study the corresponding DVCS amplitudes in light-front longitudinal space.

Keywords: Deeply Virtual Compton Scattering, Light-front wave functions PACS: 13.60.Fz, 12.38.Bx, 14.20.Dh

INTRODUCTION

Measurements of Deeply Virtual Compton Scattering (DVCS) cross sections with specific proton and photon polarizations can provide comprehensive probes of the spin as well as spatial structure of the proton at the most fundamental level of QCD. The DVCS process involves off-forward hadronic matrix elements of light-front bilocal currents. The DVCS quark matrix elements can be computed from the off-diagonal overlap of the boost-invariant light-front Fock state wavefunctions (LFWFs) of the target hadron [1, 2]. The longitudinal momentum transfer to the target hadron is given by the ‘skewness’ variable ζ =^{Q2}_{2p·q} .

Fourier transform (FT) of the off-forward or generalized parton distributions (GPDs) with respect to the transverse momentum transfer Δ^⊥ at zero skewness and fixed longitudinal momentum fraction x gives the parton distributions in the impact parameter (b_⊥) space [3, 4]. Also, a 3D picture of the proton has been proposed in [5] in terms of a Wigner distribution for the relativistic quarks and gluons inside the proton.

We introduce a coordinate b conjugate to the momentum transfer Δ such that b · Δ =^1_2 b^+Δ^− +^1_2 b^−Δ^+ − b_⊥ · Δ_⊥. Note that^1_2 b^−Δ^+ =^1_2 b^−P^+ζ = σζ where we have defined the boost invariant variable σ which is an ‘impact parameter’ in the longitudinal coordinate space. The Fourier transform of the DVCS amplitude with respect to ζ allows one to determine the longitudinal structure of the target hadron in terms of the variable σ.

FIGURE 1. Fourier spectrum of the imaginary part of the DVCS amplitude of an electron vs. σ for M = 0.51 MeV, m = 0.5 MeV, λ = 0.02 MeV, (a) when the electron helicity is not flipped; (b) when the helicity is flipped. The parameter t is in MeV^2.

DVCS AMPLITUDE IN σ SPACE

In order to illustrate our general framework, we will present an explicit calculation of the σ transform of virtual Compton scattering one-loop order [6]. The GPDs in impact parameter space have been calculated in this model [7]. One can generalize this analysis by assigning a mass M to the external electrons and a different mass m to the internal electron lines and a mass λ to the internal photon lines with M < m + λ for stability.

The light-front Fock state wavefunctions corresponding to the quantum fluctuations of a physical electron can be systematically evaluated in QED perturbation theory. The state is expanded in Fock space and there are contributions from |e^−γ⟩ and |e^−e^−e^+⟩, in addition to renormalizing the one-electron state at one loop level [1]. We use the handbag approximation. In the domain ζ < x < 1, there are diagonal 2 → 2 overlap contributions, [1]. The GPDs H_{(2→2)}(x,ζ ,t) and E_{(2→2)}(x,ζ ,t) are zero in the domain ζ − 1 < x < 0, which corresponds to emission and reabsorption of an e^+ from a physical electron. The contributions in the domain, 0 < x < ζ come from overlaps of three-particle and oneparticle LFWFs [1]. A summary of our main results is given in [8] and details of the calculation are given in [9].

The off-forward matrix elements for both 2 → 2 and 3 → 1 overlaps are calculated using the analytic form of the LFWFs. There can be two types of contributions, one in which the helicity of the target electron is not flipped, in this case both the GPDs H and E will contribute; in the other contribution the helicity is flipped and only E contributes. There are real and imaginary parts of the DVCS amplitude, both of which can be accessed in the experiment. The imaginary part receives contribution only when x = ζ , because of the delta function coming from the propagator in the hard part of the amplitude. The other values of x contribute to the real part. The GPDs are continuous at x = ζ , and a principal value prescription is used for the propagator in the real part. However, there are potential divergences coming from x → 1 region as well as small x,

FIGURE 2. Fourier spectrum of the real part of the DVCS amplitude of an electron vs. σ for M = 0.51 MeV, m = 0.5 MeV, λ = 0.02 MeV, (a) when the electron helicity is not flipped; (b) when the helicity is flipped. The parameter t is in MeV^2.

ζ region when we take a Fourier transform (FT) in ζ . We use a cutoff scheme discussed in [9]. The FT of the DVCS amplitude are obtained as :

A_{λ ,λ} ′ (σ,t) = 1 2π ∫ 1−ε_2 ε_2

dζ e^{iσζ} M_{λ ,λ} ′ (ζ ,Δ_⊥); (1)

where M_{λ ,λ} ′ is the DVCS amplitude, λ (λ^′) are the helicities of the initial (final) electron. σ =^1_2 P^+b^− is the (boost invariant) longitudinal distance on the light-cone and the FTs are performed at a fixed invariant momentum transfer squared −t. We have imposed cutoffs ε_2 = 0.002 for the numerical calculation. Fourier transforms have been performed by numerically calculating the Fourier sine and cosine transforms and then calculating the resultant by squaring them, adding and taking the square root, thereby yielding the Fourier Spectrum (FS).

In Fig. 1 and 2 respectively, we have shown the FS of the imaginary and real parts of the DVCS amplitude. Apart from the imaginary part of the helicity-flip amplitude, they show a diffraction pattern in σ. The helicity non-flip part depends on the scale Q, which we took to be 10 MeV.

In the 2− and 3-body LFWFs, the bound-state mass squared M^2 appears in the denominator. Differentiation of the LFWFs with respect to M^2 increases the fall-off of the wavefunctions near the end points x = 0,1 and mimics the hadronic wavefunctions. One has to note that differentiation of the single particle wave function yields zero and thus there is no 3 − 1 overlap contribution to the DVCS amplitude in this hadron model. Also, the imaginary part of the amplitude vanishes in this model. We show the amplitudes in Fig. 3. We have also computed the DVCS amplitude and the corresponding diffraction pattern in σ using the AdS/QCD framework [9]. This model provides a useful first approximation to hadron wavefunctions which has confinement at large distances and conformal behavior at short distances [10].

FIGURE 3. Fourier spectrum of the real part of the DVCS amplitude for the simulated meson-like bound state. The parameters are M = 150,m = λ = 300 MeV. (a) Helicity flip amplitude (b) helicity non-flip amplitude. The parameter t is in MeV^2.

From the plots, we propose an optics analog of the behavior of the Fourier Spectrum of the DVCS amplitude. The diffractive patterns in σ sharpen and the positions of the first minima typically move in with increasing momentum transfer. For fixed −t, higher minima appear at positions which are integral multiples of the lowest minimum, similar to the diffraction pattern in optics. Thus the invariant longitudinal size of the parton distribution becomes longer and the shape of the conjugate light-cone momentum distribution becomes narrower with increasing | t |. If one Fourier transforms in ζ at fixed Δ_⊥ and then Fourier transforms the change in transverse momentum Δ_⊥ to impact space b_⊥ [3], then one would have the analog of a three-dimensional scattering center. In this sense, scattering photons in DVCS provides the complete Lorentz-invariant light front coordinate space structure of a hadron.

ACKNOWLEDGMENTS

This work has been done in collaboration with S. J. Brodsky, D. Chakrabarti, A. Harindranath and J. P. Vary. I thank the organizers of Spin 2006, Kyoto for the invitation and support and IIT Bombay for support.

REFERENCES

1. S. J. Brodsky, M. Diehl, D. S. Hwang, Nucl. Phys. B 596, 99 (2001).

2. M. Diehl, T. Feldmann, R. Jakob, P. Kroll, Nucl. Phys. B 596, 33 (2001), Erratum-ibid 605, 647 (2001). 3. M. Burkardt, Int. Jour. Mod. Phys. A 18, 173 (2003), M. Burkardt, Phys. Rev. D 62, 071503 (2000), Erratum- ibid, D 66, 119903 (2002); J. P. Ralston and B. Pire, Phys. Rev. D 66, 111501 (2002).

4. D. E. Soper, Phys. Rev. D 15, 1141 (1977).

5. X. Ji, Phys. Rev. Lett. 91, 062001 (2003); A. V. Belitsky, X. Ji and F. Yuan, Phys. Rev. D 69, 074014 (2004).

6. S. J. Brodsky and S. D. Drell, Phys. Rev. D 22, 2236 (1980).

7. D. Chakrabarti and A. Mukherjee, Phys. Rev. D 71, 014038 (2005); D 72, 034013 (2005). 8. S. J. Brodsky, D. Chakrabarti, A. Harindranath, A. Mukherjee, J. P. Vary, Phys. Lett. B 641, 440 (2006). 9. S. J. Brodsky, D. Chakrabarti, A. Harindranath, A. Mukherjee, J. P. Vary, hep-ph/0611159. 10. S. J. Brodsky and G. F. de Teramond, Phys. Rev. Lett. 96, 201601 (2006).