arXiv:hep-ph/0409354 v2 5 Oct 2004

Hadron structure from γ^∗ p scattering: interpreting hadronic matrix elements^1

Daniël Boer

Department of Physics and Astronomy, Vrije Universiteit Amsterdam De Boelelaan 1081, NL-1081 HV Amsterdam, The Netherlands

Abstract. Hadron structure from high-Q^2 γ^∗ p scattering processes is often expressed in terms of hadronic matrix elements of nonlocal operators. Properly defining and interpreting these quantities is very important in light of experiments aiming to extract transverse momentum dependent parton distributions or generalized parton distributions. The current status will be reviewed, including recent developments concerning Wigner distributions.

INTRODUCTION

The hard γ^∗ p scattering processes to be considered are inclusive deep inelastic scattering (DIS), semi-inclusive DIS and deeply virtual Compton scattering (DVCS). In these processes one probes parton densities, transverse momentum dependent parton distributions (TMPDs) and generalized parton distributions (GPDs), respectively. Properties of these quantities will be reviewed, with emphasis on interpretation, since having a clear interpretation is crucial for motivating experiments. The various distributions all carry different information about hadron structure, but can be viewed as different reductions of one underlying quantity, a quantum phase space (Wigner) distribution.

HARD INCLUSIVE γ^∗ p PROCESSES

Inclusive DIS (e p → e^′ X) is a process of two scales, provided by the hadron momentum P and the virtual photon momentum q: P^2 = M^2 and Q^2 = −q^2, such that Q^2 ≫ M^2. The hard scale Q serves to separate hard (perturbative) from soft (nonperturbative) parts of the process, i.e. one can apply factorization:

σ(γ^∗ p → X) ∝ = ∫ dx Tr [ H_{μν} (x)Φ(x) ] + O (1/Q)

In DIS one only encounters functions of lightcone momentum fractions (x = k^+/P^+ is the fraction of light-cone momentum of a quark (k^+) inside a hadron (P^+)). Here

Φ_{i j}(x) = ∫ dλ 2π e^{iλ x} ⟨P| ψ_j(0) L [0, λ ] ψ_i(λ n_−) |P⟩, (n^2_− = 0) (1)

1 Presented at the 19th European Conference on Few-Body Problems in Physics, Groningen, The Netherlands, August 23-27, 2004

is an operator matrix element (OME) of a nonlocal lightcone operator and

L [0, λ ] = P exp ( −ig ∫ λ 0 dη A^+(ηn_−)

)_{A+=0}

−→ 1 (2)

This path-ordered exponential (link) is not inserted by hand, but derived [1]. For an unpolarized hadron Φ(x) can be parametrized by one function (at leading twist):

Φ(x) = 1 2 f_1(x) ̸P. (3)

This function f^q_1 (x) ≡ q(x) can be written in terms of the good field ψ_+ =^1_2γ^−γ^+ψ as

q(x) = 1 √ 2 ∑_n^{δ (P+ + xP+ − p+}n^{) |⟨n| L [∞, 0] ψ}+^{(0) |P⟩|2 , (4)}

which lends q(x) the interpretation of probability of finding a quark of flavor q in the proton, with a light-cone momentum fraction x. Taking Mellin moments ∫ dx x^N q(x), leads to local OMEs (which can be evaluated on the lattice). For example, N = 0 yields the number of quarks minus antiquarks: ∫ 1 −1 dx q(x) = ⟨P| ψ^†_+(0)ψ_+(0) |P⟩/( √ 2P^+).

Semi-inclusive DIS (SIDIS), e p → e^′ π X, is a three-scale process, where next to M and Q also the transverse momentum of the measured final-state hadron (a pion for definiteness) sets a scale: |P^π_⊥| with |P^π_⊥|^2 ≪ Q^2. This results in a different factorization theorem (recently discussed in Ref. [2], based on methods developed in Ref. [3]). One needs to include parton transverse momentum Φ(x) → Φ(x, k_T ) (discussed in Refs. [4, 5] and by many others), which leads to transverse momentum dependent parton distribution functions (TMPDs). TMPDs for unpolarized hadrons are defined as [6]

Φ(x, k_T ) = f_1(x, k^2_T ) ̸P 2 + h^⊥_1 (x, k^2_T ) i ̸k_T ̸P 2M . (5)

Upon integration over transverse momentum one retrieves Eq. (3). Φ(x, k_T ) is a matrix element of operators that are nonlocal off the lightcone

Φ(x, k_T ) = F.T. ⟨P| ψ(0) L [0, ξ ]ψ(ξ ) |P⟩ | | | |_{ξ =(ξ −,0+,ξ T )}. (6) Like for Φ(x), the link L [0, ξ ] can be derived as discussed in Refs. [7, 8, 9]. In many respects Φ(x, k_T ) is similar to Φ(x) (it defines momentum distributions), but the link structure leads to considerable differences, of which two will be mentioned here.

A nonzero function h^⊥_1 means that the transverse polarization S^q_T of a noncollinear quark inside an unpolarized hadron in principle can have a preferred direction. This implies an intrinsic handedness, e.g. in the infinite momentum frame (IMF): S^q_T ∼ Phadron × kquark. At first sight such handedness appears to violate time reversal invariance (following an argument of Collins [10]), but a model calculation by Brodsky, Hwang and Schmidt [11] implied otherwise. This is precisely due to the link structure. The proper gauge invariant definition of TMPDs in SIDIS contains a future pointing

Wilson line, whereas in Drell-Yan (DY) it is past pointing. As a consequence there is a calculable process dependence [12]: ( f_1)_{DIS} = ( f_1)_{DY}, but (h^⊥_1 )_{DIS} = −(h^⊥_1 )_{DY}. More complicated processes [13] still require further study.

Another consequence of the link structure is that sometimes one is dealing with intrinsically nonlocal lightcone OMEs, such as

h^{⊥(1)}_1 (x) ≡ ∫ d^2k_T k^2_T 2M^2 h^⊥_1 (x, k^2_T )^{A+=0}∝ F.T. ⟨P| ψ(0) ∫ ∞ −∞ dη^− F^{+α} (η^−) Γ ψ(ξ^−) |P⟩, (7) for which Mellin moments do not yield local OMEs (hampering a lattice evaluation).

HARD EXCLUSIVE γ^∗ p PROCESSES

To get a handle on orbital angular momentum of quarks, Ji proposed [14] to use Deeply Virtual Compton Scattering: γ^∗ p → γ p^′. This involves Generalized Parton Distributions, which are off-forward, nonlocal lightcone OMEs ∫ dλ 2π e^{iλ x} ⟨P^′| ψ(−λ /2) γ^+L [−λ /2, λ /2] ψ(λ /2) |P⟩ = H_q(x, ξ ,t)ū(P^′)γ^+u(P) + E_q(x, ξ ,t)ū(P^′) iσ^{+ν} Δ_ν 2M_N u(P), (8)

with Δ = P^′ − P, ξ = −Δ^+/(P^{′+} + P^+) and t = Δ^2. GPDs encompass both parton distributions and form factors. In the forward limit: H_q(x, 0, 0) = q(x) and E_q(x, 0, 0) ≡ E_q(x) (the latter function is not accessible in DIS), which determine the total and orbital angular momentum of quarks in a proton, J_q(x) and L_q(x) [15],

J_q(x) = 1 2 x [ q(x) + E_q(x) ] , L_q(x) = J_q(x) − 1 2 Δq(x), (9)

together with Δq(x), the quark helicity distribution (Tr [Φ(x)γ^+γ_5] ∼ λ Δq(x)).

The reduction to form factors goes via x-integration: ∫ dx H(x, ξ , Δ^2) = F_1(Δ^2), ∫ dx E(x, ξ , Δ^2) = F_2(Δ^2), (10)

where F_1 and F_2 are the usual Dirac and Pauli form factors. Like form factors, GPDs are best interpreted by taking Fourier transforms (F.T.). In that way GPDs yield a more complete picture of momentum and spatial distributions of partons [16, 17, 18, 19], albeit a frame dependent picture. Two standard choices are the IMF and the Breit frame.

In the IMF (P_z → ∞) one effectively has localization in the transverse directions, which leads to a 2-D position space interpretation (information along the z-axis is integrated over). It allows to define the charge distribution in impact parameter space

ρ(b_⊥) ≡ 1 2P^+

⟨P^+, R_⊥ = 0|J^+(0^−, 0^+, b_⊥)|P^+, R_⊥ = 0⟩, (11) where |P^+, R_⊥ = 0⟩ is the proton state localized in the ⊥ direction. One can show that

ρ(b_⊥) = ∫ d2Δ ⊥ (2π)^2 e^{iΔ⊥·b⊥} F_1(−Δ^2_⊥). (12) Hence, the Dirac form factor is the F.T. of the charge distribution in the transverse plane.

Taking this IMF point of view for GPDs leads to ( ∫ dz → ξ = 0):

H_q(x, 0, −Δ^2_⊥) = 2-D F.T. q(x, b_⊥), (13)

b_⊥ is measured w.r.t. R^{CM}_⊥ ≡ ∑_i x_ir_{⊥i}: the ‘transverse center of longitudinal momentum’. This q(x, b_⊥) has an interpretation as a density, just like q(x) [16, 4]

q(x, b_⊥) = ∫ dλ 2π e^{iλ x} ⟨P^+, R_⊥ = 0| ψ(−λ /2, b_⊥) γ^+ L ψ(λ /2, b_⊥) |P^+, R_⊥ = 0⟩. (14) Note: ∫ dx q(x, b_⊥) = ρ(b_⊥), ∫ d^2b_⊥ q(x, b_⊥) = q(x). (15)

Alternatively, in the Breit frame (⃗P^′ = −⃗P and t = −⃗Δ^2) the 3-D proton charge distribution is the F.T. of the Sachs electric form factor G_E [20, 21]

3-D F.T. ρ(⃗r) = ⟨⃗Δ/2|J^0(0)| −⃗Δ/2⟩/(2M_N ) ∝ G_E(t) = F_1(t) + t 4M^2_N

F_2(t). (16)

This Breit frame point of view for GPDs leads to (ξ = Δ^z/(2P^0), t = −⃗Δ^2) [22, 23]:

f_γ 0 (⃗r, x) ∝ 3-D F.T. { H_q(x, ξ , −⃗Δ^2) − ⃗Δ^2 4M^2_N

E_q(x, ξ , −⃗Δ^2) } , (17)

where the expression in brackets could be called the Sachs electric GPD G_E (x, ξ , −⃗Δ^2). The function f_γ 0 (⃗r, x) is interpreted as a 3-D density in the ‘rest frame’ of the proton for quarks with a selected value of x and can be defined as a reduction of a so-called quantum phase-space or Wigner distribution [22, 23, 24], in the Breit ‘frame’ defined as

W_Γ(⃗r, k) ≡ 1 2M_N ∫ d3Δ (2π)^3 ⟨⃗Δ/2| Ŵ_Γ(⃗r, k) | −⃗Δ/2⟩, (18) Ŵ_Γ(⃗r, k) ≡ ∫ d^4η e^{iη·k} ψ(⃗r − η/2) L^†Γ L ψ(⃗r + η/2). (19)

Fourier transforms of GPDs are obtained as follows (considering Γ = γ^+ now):

f_γ+ (⃗r, x) ≡

∫ d2k ⊥ (2π)^2 [∫ dk^− 2π W_γ+ (⃗r, k) ] (20)

∝ F.T. { H_q(x, ξ ,t)ū(⃗Δ/2)γ^+u(−⃗Δ/2) + E_q(x, ξ ,t)ū(⃗Δ/2) iσ^{+i}Δ_i 2M u(−⃗Δ/2) } .

Integrating f_γ+ (⃗r, x) over the z coordinate yields q(x, b_⊥) and ∫ dx f_γ+ (⃗r, x) is the F.T. of the Sachs electric and magnetic form factors. But TMPDs can also be seen as reductions of Wigner distributions

q(x, k_T ) =

∫ d3r

(2π)^3 [∫ dk^− 2π W_γ+(⃗r, k) ] . (21)

Hence, both GPDs and TMPDs can be viewed as different reductions of one underlying quantity. Different choices of frame lead to complementary physical pictures of these quantities (or their Fourier transforms), as momentum and/or spatial distributions.

Finally, a suggestion concerning the 5-D phase space quantity (which has a straightforward IMF density interpretation)

q(x, k_T , b_⊥) ≡

∫ dz 2π [∫ dk^− 2π W_γ+ (⃗r, k) ] . (22)

Perhaps q(x, k_T , b_⊥) can be measured in hard ‘semi’-exclusive processes, such as γ^∗ p → V_1 V_2 p^′, with V_i either γ or a vector meson and V_1 and V_2 have a small relative transverse momentum. Note that k_T and b_⊥ are not each other’s Fourier conjugates.

ACKNOWLEDGMENTS

I thank the organizers for their kind invitation to present this overview at the conference and Andrei Belitsky for useful feedback. The research of D.B. has been made possible by financial support from the Royal Netherlands Academy of Arts and Sciences.

REFERENCES

1. Efremov, A. V., and Radyushkin, A. V., Theor. Math. Phys., 44, 774 (1981). 2. Ji, X., Ma, J., and Yuan, F. (2004), hep-ph/0404183. 3. Collins, J. C., and Soper, D. E., Nucl. Phys., B193, 381 (1981). 4. Soper, D. E., Phys. Rev., D15, 1141 (1977).

5. Ralston, J. P., and Soper, D. E., Nucl. Phys., B152, 109 (1979). 6. Boer, D., and Mulders, P. J., Phys. Rev., D57, 5780–5786 (1998). 7. Boer, D., and Mulders, P. J., Nucl. Phys., B569, 505–526 (2000). 8. Belitsky, A. V., Ji, X., and Yuan, F., Nucl. Phys., B656, 165–198 (2003). 9. Boer, D., Mulders, P. J., and Pijlman, F., Nucl. Phys., B667, 201–241 (2003). 10. Collins, J. C., Nucl. Phys., B396, 161–182 (1993).

11. Brodsky, S. J., Hwang, D. S., and Schmidt, I., Phys. Lett., B530, 99–107 (2002). 12. Collins, J. C., Phys. Lett., B536, 43–48 (2002).

13. Bomhof, C. J., Mulders, P. J., and Pijlman, F., Phys. Lett., B596, 277–286 (2004). 14. Ji, X., Phys. Rev. Lett., 78, 610–613 (1997).

15. Hoodbhoy, P., Ji, X., and Lu, W., Phys. Rev., D59, 014013 (1999). 16. Burkardt, M., Phys. Rev., D62, 071503 (2000); Int. J. Mod. Phys., A18, 173–208 (2003). 17. Ralston, J. P., and Pire, B., Phys. Rev., D66, 111501 (2002). 18. Belitsky, A. V., and Muller, D., Nucl. Phys., A711, 118–126 (2002). 19. Diehl, M., Eur. Phys. J., C25, 223–232 (2002).

20. Ernst, F. J., Sachs, R. G., and Wali, K. C., Phys. Rev., 119, 1105–1114 (1960). 21. Sachs, R. G., Phys. Rev., 126, 2256–2260 (1962). 22. Ji, X., Phys. Rev. Lett., 91, 062001 (2003).

23. Belitsky, A. V., Ji, X., and Yuan, F., Phys. Rev., D69, 074014 (2004). 24. Belitsky, A. V. (2003), hep-ph/0307256.