Published by Institute of Physics Publishing for SISSA/ISAS Received: June 5, 2003 Revised: June 27, 2003 Accepted: August 4, 2003

The chirally-odd twist-3 distribution e^a(x)

Anatoli Vasilievich Efremov

Joint Institute for Nuclear Research Dubna, 141980 Russia E-mail: efremov@thsun1.jinr.ru

Peter Schweitzer

Dipartimento di Fisica Nucleare e Teorica Università degli Studi di Pavia, Pavia, Italy E-mail: peter.schweitzer@pv.infn.it

Abstract: Properties of the nucleon twist-3 distribution function e^a(x) are reviewed. It is emphasized that the QCD equations of motion imply the existence of a δ-function at x = 0 in e^a(x), which gives rise to the pion-nucleon sigma-term. According to the resulting “practical” DIS sum rules the first and the second moment of e^a(x) vanish, a situation analogue to that of the pure twist-3 distribution function g_2(x).

Keywords: QCD, Sum Rules, Deep Inelastic Scattering, Phenomenological Models.

© SISSA/ISAS 2003 http://jhep.sissa.it/archive/papers/jhep082003006 /jhep082003006 .pdf

Contents

1. Introduction 1

2. e^q(x) in theory 2

3. e^q(x) in models 9

4. e^q(x) in experiments 13

5. Conclusions 14

A. Consequences from using equations of motions 16

1. Introduction

Among the six distribution functions f^a_1 (x), g^a_1 (x), h^a_1(x) and g^a_T (x), h^a_L(x), e^a(x), which describe the structure of the nucleon in deeply inelastic scattering (DIS) processes up to twist-3, the least known and studied one is probably e^a(x) (we use throughout the notation of refs. [1, 2]). The distribution function e^a(x) is twist-3 and chirally odd. Apart from the first moment of (e^u + e^d)(x), which sometimes is related to the phenomenologically most interesting pion-nucleon sigma-term, it is experimentally unknown. Only recently it became clear how e^a(x) — in principle — could be accessed in DIS experiments. Most recently the corresponding process has been studied by the HERMES and CLAS collaborations. In particular, the CLAS data possibly provide the first experimental indications for e^a(x).

This note has partly the character of a brief review, however, also some new results are reported. In section 2 the definition of e^a(x) is given, and its theoretical properties are discussed. The known but only casually mentioned fact is emphasized, that e^a(x) contains a δ(x)-contribution. Different statements in literature on the small-x behaviour of e^a(x), which at first glance seem to be contradictory, are shown to be consistent. Sum rules for e^a(x) are discussed. It is argued that there is no twist-3 inequality constraining e^a(x) in terms of other twist-3 distribution functions. In section 3 a brief overview is given about model calculations of e^a(x). In particular results from the non-relativistic model, bag model, spectator model and chiral quark-soliton model are discussed. Section 4 briefly reports the recent progress on understanding time-odd phenomena — in particular in the fragmentation processes — which give rise to single spin asymmetries. Such asymmetries have recently been studied by the HERMES and CLAS collaborations. Section 5 contains the summary and conclusions. Some technical details concerning the gauge invariant decomposition of e^a(x) can be found in appendix A.

– 1 –

2. e^q(x) in theory

Definition. The chirally odd twist-3 distribution functions e^q(x) and e^{q̄}(x) for quarks of flavour q and antiquarks of flavour q̄ are defined as [1, 2]

e^q(x) = 1 2M_N ∫ dλ 2π e^{iλx} ⟨N| ψ̄_q(0) [0, λn] ψ_q (λn) |N⟩ , e^{q̄}(x) = e^q(−x) , (2.1) where [0, λn] denotes the gauge-link. The scale dependence is not indicated for brevity. The light-like vectors n^μ in eq. (2.1) and p^μ are defined such that n^μp_μ = 1 and the nucleon momentum is given by P^μ_N = n^μ +^1_2 M^2_Np^μ. The matrix element in eq. (2.1) is averaged over nucleon spin, i.e. ⟨N| . . . |N⟩ ≡^1_2 ∑ S_3 ⟨N, S3| . . . |N, S3⟩. Evolution. The renormalization scale dependence of e^a(x) has been studied in refs. [3, 4, 5], see also refs. [6, 7] for reviews. The evolution of e^a(x) is characterized by a complicated operator mixing pattern typical for twist-3 quantities. In the multi-colour limit the evolution of e^a(x) simplifies to a DGLAP-type evolution — as it does for the other two nucleon twist-3 distribution functions h^a_L(x) and (the flavour non-singlet) g^a_T (x).

Sum rules for the 1^{st} and 2^{nd} moment. The first moment of (e^u + e^d)(x) is related to the pion-nucleon sigma-term [2] ∫_1 −1 dx (e^u + e^d)(x) = 1 2M_N ⟨N| (¯ ψ_uψ_u + ψ̄_dψ_d ) |N⟩ ≡ σ_{πN} m , (2.2)

m ≡^1_2 (m_u + m_d) is the average mass of the light quarks. The pion-nucleon sigma-term σ_{πN} [8] is defined as the value of the nucleon scalar isoscalar form factor σ(t), σ(t) = m 2M_N ⟨N(P^′)| (¯ ψ_uψ_u + ψ̄_dψ_d ) |N(P )⟩ , t = (P − P^′)^2 , (2.3)

at t = 0, i.e. σ_{πN} ≡ σ(0).^1 The relation (2.2) of e^q(x) to σ_{πN} is correct in a formal mathematical sense. The sum rule (2.2), however, unfortunately is of no practical use (not even in principle) to gain information on σ_{πN} from DIS experiments — as we shall see below.

The pion-nucleon sigma-term σ_{πN} gives the amount by which the nucleon mass changes, when the u- and d-quarks are given a small mass m [8]. The form factor σ(t) describes the elastic scattering off the nucleon due to the exchange of an isoscalar spin-zero particle, and is not known experimentally except for its value at the Cheng-Dashen point t = 2m^2_π. Low energy theorems [9] allow to relate σ(2m^2_π) to pion nucleon scattering amplitudes and one finds σ(2m^2_π) = { (64 ± 8) MeV ref. [10] (79 ± 7) MeV ref. [11] .

(2.4)

1More precisely σ(t) is defined as the nucleon form factor of the double commutator of the strong interaction hamiltonian with two axial isovector charges [8]. In the definition (2.3) a “double isospin violating term” proportional to (mu − m_d)(ψ̄uψu − ψ̄_dψ_d) is neglected.

– 2 –

The difference σ(2m^2_π) − σ(0) has been calculated from a dispersion relation analysis [12] and in chiral perturbation theory [13] with the consistent result

σ(2m^2_π) − σ(0) ≃ 14 MeV . (2.5)

This means that σ_{πN} = σ(0) ≃ (50 − 65) MeV . (2.6)

With m ≃ 7 MeV (at a scale of say 1 GeV^2) one concludes a large number for the first moment of (e^u + e^d)(x) ∫_1 −1 dx (e^u + e^d)(x) ≃ (6 − 10) . (2.7)

Since σ_{πN} is normalization scale invariant while the running current quark masses decrease with increasing scale, the number in eq. (2.7) becomes even larger at higher scales.

The second moment of e^q(x) is proportional to the number of the respective valence quarks N_q (for proton N_u = 2 and N_d = 1) and vanishes in the chiral limit [2] ∫_1 −1 dx x e^q(x) = m_q M_N

N_q . (2.8)

Twist-3 inequality. In ref. [14] the “Soffer-inequality” for twist-2 nucleon distribution functions, f^a_1 (x) + g^a_1 (x) ≥ 2|h^a_1(x)| , (2.9)

was obtained making use of the positivity of the scattering density matrix. (An alternative derivation was given shortly after in [15].) Assuming that this argument can be generalized to higher twists, similar inequalities were obtained for twist-3 and twist-4 distribution functions in [14]. In particular, the “twist-3 Soffer inequality” reads e^a(x) + h^a_L(x) ≥ 2|g^a_T (x)|. Unfortunately, in general the positivity argument is not valid for higher twists.

One way to understand this is to recall that the twist-2 inequalities are derived by relating the imaginary part of the elastic forward quark-nucleon scattering amplitude by means of the optical theorem to the total cross section (which is positive). In the Bjorkenlimit the imaginary part of the amplitude can be expressed in terms of twist-2 parton distribution functions. Twist-3 effects, of course, can be taken into account. They appear as corrections of the order M_N/Q to the imaginary part of the amplitude. There is, however, in general no reason for such corrections to be positive. In other words, it is not possible to impose positivity at the level of each twist separately, fore the positivity of the scattering density matrix is already guaranteed by the twist-2 distribution functions (in the limit of large Q ≫ M_N). Interestingly, if for some reason the twist-2 inequality (2.9) is saturated, i.e. if f^a_1 (x) + g^a_1 (x) = 2|h^a_1 (x)|, then the positivity of the cross section requires certain twist-3 inequalities to hold, and in one case e^a(x) + h^a_L(x) ≥ 2|g^a_T (x)| holds.

A different argument why twist-3 inequalities generally fail was given in ref. [15]. In the framework of light-cone formalism it was demonstrated that possible positivity constraints on the twist-3 distributions e^a(x), h^a_L(x) and g^a_T (x) inevitably involve twist-2 and twist-4 distributions — which makes such constraints practically useless [15]. (Still, in some cases useful constraints — though involving different twists — can be obtained, see [16].)

– 3 –

The large N_c limit. In the limit of a large number of colours N_c one observes the following behaviour of the singlet and non-singlet flavour combinations [17]

(e^u + e^d)(x) = N^2_c d(N_cx) (e^u − e^d)(x) = N_c d(N_cx) , (2.10)

where the functions d(y) are stable in the large-N_c limit for a fixed argument y = N_cx, and of course different for the different flavour combinations. From (2.10) we conclude that

|(e^u + e^d)(x)| ≫ |(e^u − e^d)(x)|x for N_c → ∞ , (2.11)

or in other words e^u(x) ≈ e^d(x) modulo 1/N_c-corrections. Such large-N_c relations hold well in nature, see e.g. ref. [18], and can serve as a useful guideline.

Decomposing e^a(x) by means of the QCD equations of motion. The following operator identity follows from the QCD-equations of motion (flavour indices on the quark fields are omitted for simplicity)

ψ̄(0)[0, z]ψ(z) = ψ̄(0)ψ(0)+ + 1 2 1∫ 0 du u∫ 0 dvψ̄(0)σ^{αβ} z_β[0, vz]gG_{αν} (vz)z^ν [vz, uz] ψ(uz)−

−im_q 1∫ 0 duψ̄(0) z̸[0, uz] ψ(uz)− (2.12)

− i 2 1∫ 0 du ( ψ̄(0)(iD̸ − m_q) z̸[0, uz]ψ(uz) + ψ̄(0) z̸[0, uz](iD̸ − m_q)ψ(uz) ) .

The identity (2.12) is exact up to total derivatives which are irrelevant for the parton distribution functions. The formalism to derive such identities has been introduced in ref. [19]. The identity (2.12) can be found, e.g., in refs. [4, 7]. The “equations of motion” operator in the last line of eq. (2.12) vanishes in physical matrix elements, however, its mixing under renormalization with the other operators in eq. (2.12) has to be considered in the study of the evolution properties of e^a(x), see [3, 4, 5] and [6, 7]. The other operators in the identity (2.12), after inserted into the definition (2.1), yield the following decomposition of e^q(x) e^q(x) = e^q_{sing}(x) + e^q_{tw3}(x) + e^q_{mass}(x) . (2.13)

The contributions e^q_{sing}(x), e^q_{tw3}(x) and e^q_{mass}(x) are “physically real”, in the sense that each term in the operator decomposition in eq. (2.12) is gauge-invariant. They are defined as follows (see also appendix A).

The contribution e^q_{sing}(x) arises from the local scalar operator ψ̄_q(0)ψ_q(0) on the righthand-side (r.h.s. ) of the identity (2.12). It is proportional to a δ-function at x = 0

e^q_{sing}(x) = δ(x) 2M_N

⟨N|ψ̄_q(0)ψ_q (0)|N⟩ . (2.14)

– 4 –

The presence of this singular term is well known but only rarely mentioned (see, e.g., the footnote on p. 233 of ref. [7]). It is customary to cancel out this contribution by multiplying e^q(x) by x, since it has no partonic interpretation and is not relevant for the discussion of the evolution properties of e^q(x). However, this contribution gives rise to the pion-nucleon sigma-term [3]. The possible existence of a δ(x) singularity in e^q(x) and structure functions associated with it has a long history. We shall come to this point later on.

The contribution e^q_{tw3}(x) is a quark-antiquark-gluon correlation function, i.e. the actual “pure” twist-3, “interaction dependent” contribution to e^q(x). It has a “partonic interpretation” as an interference between scattering from a coherent quark-gluon pair and from a single quark, see [1, 2] and references therein. It is due to the second operator on the r.h.s. of the identity (2.12). The explicit expression of this term can be found in [2, 3, 4, 5] and [6, 7] (see also appendix A). Here we only mention that the first two moments of e^q_{tw3}(x) vanish, i.e.

M_n[e^q_{tw3}] = 1∫ −1 dx x^{n−1} e^q_{tw3}(x) = 0 for n = 1, 2 . (2.15)

The contribution e^q_{mass}(x) is proportional to the current quark mass, and is conveniently defined in terms of its Mellin moments

M_n[e^q_{mass}] = m_q M_N × { 0 for n = 1, M_{n−1}[f^q_1 ] for n > 1,

(2.16)

where M_n[f^q_1 ] are the moments of the twist-2 unpolarized distribution f^q_1 (x). The relation (2.16) for moments n ≥ 2 can be inverted as

x e^q_{mass}(x) = m_q M_N f^q_1 (x) . (2.17)

Of course, for x ≠ 0 one can divide eq. (2.17) by x — this allows to draw conclusions on the behaviour of e^q(x) at small x > 0 (see below). However, one has to keep in mind that the correct definition of e^q_{mass}(x) is eq. (2.16).

Small-x behaviour of e^q(x). The small- and large-x behaviour of pure twist-3 distributions has been studied, see e.g. eqs. (6.38, 6.39) in ref. [7]. For the following discussion we note the result e^q_{tw3}(x) → const x^0 for x → 0 . (2.18)

Let us consider small x ≠ 0 and the chiral limit (m_q → 0), where the mass-term in eq. (2.17) drops out. Then eq. (2.18) dictates the small-x behaviour of e^q(x), and we have e^q(x) → const for small but non-zero x. This result is consistent with the conclusion

e^q(x) → const x^{−0.04} for x → 0 , (2.19)

drawn in ref. [20] from Regge phenomenology assuming a linear trajectory with standard slope (because the Regge trajectory could be slightly non-linear or its slope could be slightly

– 5 – different from 1 GeV^{−2} and have an intercept α(0) = −1). In particular, in [20] it was concluded that the Pomeron decouples, because the Pomeron residue is spin-non-flip.

Considering finite quark mass effects, however, we see that the behaviour of e^q(x) for small but non-zero x is dominated by the mass-term e^q_{mass}(x) = m_qf^q_1 (x)/(M_Nx) in eq. (2.17), and that the Pomeron contributes to e^q(x) (since it contributes to f^q_1 (x)). This agrees with the conclusion

e^q(x) → const 1 x^2 for x → 0 , (2.20)

drawn in ref. [2] from Regge phenomenology, where it was argued that the “Pomeron couples”, even though suppressed by the factor m_q/M_N.

The small x behaviour of e^q(x) in (2.20) makes — at first glance — questionable the convergence of the sum rule (2.2) [2]. However, from eq. (2.16) we see that e^q_{mass}(x) does not contribute to (2.2). Thus it is not the small x behaviour in (2.20) which makes the sum rule (2.2) practically useless for the purpose of relating e^q(x), as it could be measured in DIS, to the pion nucleon sigma term. Rather it is, of course, the δ(x) contribution.

Conclusions from the use of equations of motion. The first conclusion is that the pion nucleon sigma term originates from the singular δ(x)-contribution e^q_{sing}(x) only. This follows from comparing eqs. (2.2) and (2.14) and considering eqs. (2.15), (2.16), i.e. 1∫ −1 dx e^q(x) = 1∫ −1 dx e^q_{sing}(x) = 1 2M_N

⟨N|ψ̄_q(0)ψ_q(0)|N⟩ . (2.21)

If one neglects current quark mass effects^2 eq. (2.21) has the following consequence. Recalling that e^{q̄}(x) = e^q(−x) and integrating over x in the interval [0_+, 1] ≡ [ϵ, 1] with a positive ϵ arbitrarily close (but not equal) to zero, one obtains 1∫ 0+ dx (e^q + e^{q̄})(x) = 0 . (2.22)

The existence of the δ(x), of course, cannot be confirmed in the experiment. Eq. (2.22), however, corresponds to the experimental situation and could in principle be tested in the experiment.

Finite current quark mass effects. Neither the pure twist-3 contribution e^q_{tw3}(x) (due to eq. (2.15)) nor the singular term e^q_{sing}(x) (due to

∫_1 −1 dx x δ(x) = 0) contribute to the second moment of e^q(x). Thus the sum rule in eq. (2.8) is saturated by the mass term, i.e. 1∫ 0 dx x (e^q − e^{q̄})(x) = m_q M_N 1∫ 0 dx (f^q_1 − f^{q̄}_1 )(x) = m_q M_N

N_q . (2.23)

2Finite quark mass effects are considered in the next paragraph.

– 6 –

Let us investigate in detail the effect of finite quark mass in eq. (2.22). The integral of e^a_{mass}(x) over x in [−1, 1] yields zero according to eq. (2.16). So for any 0 < x_{min} ≤ 1 the following equation is formally true

x_{min}∫

0 dx (e^q_{mass} + e^{q̄}_{mass})(x) = − 1∫ x_{min}

dx (e^q_{mass} + e^{q̄}_{mass})(x) = − m_q M_N 1∫ x_{min} dx (f^q_1 + f^{q̄}_1 )(x) x ≤ 0 . (2.24) In the third integral in (2.24) we made use of eq. (2.17) divided by x (which is allowed since the point x = 0 is not included in that integral). The final step in (2.24) follows from the positivity of f^a_1 (x). All integrals in (2.24) are (formally) well defined for any x_{min} > 0.

Thus, if one does not neglect m_q/M_N, the DIS sum rule (2.22) for the first moment of e^a(x) becomes^3 1∫ x_{min}

dx (e^q + e^{q̄})(x) = m_q M_N 1∫ x_{min} dx (f^q_1 + f^{q̄}_1 )(x) x for very small x_{min} > 0 . (2.25)

It is clear that also e^a_{mass}(x) contains a singularity at x = 0. Formally this singularity can be written as a generalized distribution

e^q_{mass}(x) = m_q M_N P f^{q1} (x) x −δ(x)P 1∫ −1 dx^′ f^q_1 (x^′) x^′ or= lim_{ϵ→0} m^q M_N xf^{q1} (x) x^2 + ϵ^2 −δ(x) 1∫ −1 dx^′ x^′f^q_1 (x^′) x^{′2} + ϵ^2 , (2.26) where it is understood that the principal value prescription (or the limit ϵ → 0) has to be taken only after e^q_{mass}(x) has been inserted in an integral and integrated over. Thus — for finite m_q — there is formally yet another δ-function at x = 0 in e^a(x). This δfunction ensures the formal “convergence” (when the point x = 0 is included) of the sum rule (2.2) by cancelling the contribution from the mass term which strongly rises with decreasing x, cf. eq. (2.20). Thus the paradoxical situation emerges that the sum rule (2.2) “practically” (since x = 0 cannot be reached experimentally) diverges, as noticed in [2]. But “theoretically” (when the point x = 0 is included) the sum rule (2.2) exists (and is then saturated by the δ(x) contribution in eq. (2.14)).

In principle, the small factor m_q/M_N in eq. (2.25) could be compensated by the factor ∫_1

x_{min} dx (f q 1 + f^{q̄}_1 )(x)/x which rapidly grows with decreasing x_{min}. Does this mean that the relation (2.25) could in principle be used to measure current quark masses in DIS? At leading twist, current quark mass effects are not observable in DIS because they are suppressed by a hard power m_q/Q and cannot be distinguished from other (possibly non-factorizing) power suppressed contributions which are generically O(Λ_{QCD}/Q). The attempt to “measure” m_q by means of eq. (2.25) is also of such kind: Presuming factorization the physical contribution to an observable of the twist-3 e^a(x) is accompanied by the factor M_N/Q, i.e.

3Due to (2.15) we have

∫_1 xmin dx (e q tw3 + e^{q̄}_{tw3})(x) = −

∫_{xmin} 0 dx (e^q_{tw3} + e^{q̄}_{tw3})(x) ≈ 0 for small xmin because of the smooth behaviour of e^a_{tw3}(x) at small x in (2.18). This allows to safely neglect the contribution from e^q_{tw3} (x) to (2.25).

– 7 – the effect of m_q is effectively (M_N/Q) × (m_q/M_N) = m_q/Q. The (purely academic) question, whether m_q could be measured in this way in DIS, would be answered by thorough proofs of factorization for processes involving e^a(x). Such proofs would clarify whether m_q-contributions factorize from infrared singularities (in a process-independent way). At present, no such proof exists.

It is interesting to remark that — wherever it was assumed that factorization holds [36, 37, 38] — it was always x e^a(x) (and not e^a(x)) which contributed to the cross-section. From a practical point of view, one can thus redefine e^a(x) → e^a_{red}(x) ≡ x e^a(x) (as indeed some authors [4, 6] do), and the discussions about δ(x)-functions become superfluous. However, then one faces the interesting phenomenon, that the pion-nucleon sigma-term originates from a non-physical — namely the “minus first” — moment of the redefined e^a_{red}(x). The continuation to non-physical negative moments has been discussed in ref. [21].

The δ(x) singularity in e^q(x). We have seen that QCD equations of motion allow to decompose e^q(x) in a gauge invariant way into three contributions, one of them being proportional to a δ-function type singularity at x = 0. As the limiting point x = 0 can neither be attributed to quark nor to antiquark distribution functions this finding is more clearly expressed as

(e^q + e^{q̄})(x) = δ(x) 2M_N

⟨N|ψ̄_q(0)ψ_q(0)|N⟩ + regular pure twist-3 + O ( m_q M_N ) . (2.27)

This means that the connection of e^q(x) and the pion nucleon sigma term is of purely formal character; there is no experimental relation between σ_{πN} and e^q(x) or a structure function related to it. Interestingly, this possibility was considered already in the early 1970s before the advent of QCD [22].

In order to carefully derive DIS sum rules — such as (2.2) — one uses dispersion relations to relate the (at least in principle) measurable structure functions to the imaginary part of the respective forward scattering amplitude. The latter can then further be investigated by means of the operator product expansion, which in the Bjorken limit allows to connect moments of the structure functions to matrix elements of local operators. A sum rule formally derived using the operator product expansion is valid also for the experimentally measurable structure function if the forward scattering amplitude satisfies unsubtracted dispersion relations. If subtraction terms — in the context of Regge phenomenology referred to as “fixed poles” [23] — have to be included to make the dispersion integral finite, then the sum rule can be spoiled. A subtraction term in the dispersion integral manifests itself as a δ(x)-contribution in the structure function [24]. (Cf. [25] for a nice pedagogical exposition.) On the basis of such dispersion relation and Regge arguments it was observed in ref. [22] that the sigma term sum rule^4 (2.2) could be spoiled. More prominent examples of sum rules which could possibly be spoiled in this way are the Burkhardt-Cottingham sum rule [26] and the Gerasimov-Drell-Hearn sum rule [27].

4More precisely, it is the sum rule involving the structure functions F4(x) and F5(x) which are related to e^q (x) and — in principle — could be measured in (anti)neutrino-nucleon DIS.

– 8 –

Further indications towards the presence of a δ(x)-contribution in e^q(x) were presented in ref. [28], where e^q(x) was constructed explicitly for a one-loop dressed massive quark. Of course, the perturbative calculation of ref. [28] does not prove the existence of a δ(x)-contribution in e^q(x). But it strongly suggests it since one hardly can imagine a mechanism to cancel a δ(x)-contribution, which appears in the leading order of some small coupling expansion, by higher order contributions. In the next section we shall see that a δ(x)-contribution has recently been observed also in non-perturbative calculations in the framework of a realistic model of the nucleon (chiral quark-soliton model).

3. e^q(x) in models

In this section we review results obtained in the non-relativistic quark model, bag model, spectator model and chiral quark-soliton model. We also will mention calculations in some toy models.

A subtle question is whether twist-3 distribution function can be described in models with no gluon degrees of freedom. However, among the most general twist-3 structures in the nucleon e^a(x), g^a_T (x) and h^a_L(x) are distinguished inasmuch they can be expressed in terms of quark fields only, i.e. with no explicit gluon fields. This allows to describe these distribution functions in models with no gluon degrees of freedom, as argued in [1, 2]. However, the results of such model calculations have to be interpreted with care.

Non-relativistic quark model. The non-relativistic limit is an intuitive and, in some cases, useful guideline. We recall the popular relation h^q_1(x) = g^q_1(x), which is often used to estimate effects of the transversity distribution function. (Irrespective the fact that, taken literally, the non-relativistic model yields h^q_1(x) = g^q_1(x) = P_qδ(x −^1_3 ) with P_u = 4/3 and P_d = −1/3.) In this paragraph q = u, d since there are no antiquarks in the non-relativistic limit, and m_q = m_u = m_d is to be understood as the constituent mass of the light quarks, which is one third of the nucleon mass, i.e. m_q = M_N/3.

In the non-relativistic limit the twist-3 quark distribution e^q(x) and the unpolarized twist-2 quark distribution f^q_1 (x) coincide [17]

lim_{non}

relativistic

e^q(x) = lim_{non}

relativistic

f^q_1 (x) = N_q δ ( x − 1 3 ) . (3.1)

For the first moment the result in (3.1) yields ∫ dx (e^u + e^d)(x) = 3. This is the correct non-relativistic result for the sum rule (2.2), since in this limit σ_{πN} = 3m_q = M_N. The latter can be verified by taking the non-relativistic limit in the expression (2.3) for σ_{πN}, or alternatively by means of the Feynman-Hellmann theorem

σ_{πN} = m

∂M_N(m) ∂m , (3.2)

where m =^1_2 (m_u + m_d) = M_N/3 in this case. For the second moment (3.1) yields ∫ dx e^q(x) = N_q/3, which is the correct non-relativistic result for the sum rule (2.8) recalling that m_q/M_N = 1/3.

– 9 –

Thus, the non-relativistic result (3.1) satisfies the QCD sum rules (2.2), (2.8). However, the results σ_{πN} = M_N and ∫ dx (e^u + e^d)(x) = 3 strongly overestimate and underestimate, respectively, the phenomenological numbers in eqs. (2.6) and (2.7). In particular, one could be worried that such a large value for the pion nucleon sigma term, σ_{πN} = M_N, would imply a huge number for the strangeness content y of the nucleon, defined as y = 2⟨N| ψ̄_sψ_s|N⟩ ⟨N| (ψ̄_uψ_u + ψ̄_dψ_d) |N⟩ . (3.3)

The precise role of y in estimating the contribution of the strange quark degree of freedom to the nucleon mass was discussed in [30]. In spite of the large strangeness content y the total strange quark contribution to the nucleon mass is rather small. To leading order in chiral perturbation theory the relation between y and σ_{πN} is given by [8]

y = 1 − m m_s − m M_Ξ + M_Σ − 2M_N σ_{πN} . (3.4)

(With m_s/m ≃ 25 in eq. (3.4) one obtains y = 1 − 26 MeV/σ_{πN}. Improved calculations in higher orders of chiral perturbation theory yield y = 1 − (35 ± 5) MeV/σ_{πN} [29]. However, for our purposes the relation (3.4) is sufficient.) Inserting the non-relativistic mass relations M_Ξ = 2m_s + m_q, M_Σ = m_s + 2m_q and M_N = 3m_q into (3.4) one observes that the mass of the strange quarks cancels out exactly, and y = 1 − M_N/σ_{πN}, i.e. y = 0 with the non-relativistic result σ_{πN} = M_N. This result follows directly from (3.3) since in the nonrelativistic limit ψ̄_sψ_s = ψ^†_sψ_s is the number operator for strange quarks, which has a zero expectation value in the nucleon states.

Finally we observe that in the non-relativistic limit e^q(x) is due to the mass term in (2.13) only, as one intuitively would expect. This can be seen by observing that e^q_{mass}(x) = (m_q/M_N) f^q_1 (x)/x = f^q_1 (x), since the δ(x −^1_3 )-function in (3.1) allows to replace x in the denominator by^1_3 which cancels the prefactor m_q/M_N =^1_3 . Thus, the non-relativistic “description” of e^q(x) is theoretically consistent but phenomenologically not correct and, of course, not suited to provide insights into the twist-3 structure of e^q(x).

Bag model. The first model studies of e^q(x) have been done in the bag model [2, 31]. In figure 1 the results from ref. [2] are shown. At the low scale of that model estimated to be around 0.4 GeV the quark distribution e^q(x) is of comparable magnitude as f^q_1 (x). (The bag model is not expected to consistently describe antiquark distribution functions, since it yields f^{q̄}_1 (x) < 0 in contradiction with the positivity requirement.)

In the bag model the twist-2 Soffer inequality (2.9) is saturated,^5 which is a necessary (but not sufficient) condition for the (generally incorrect) “twist-3 inequality” of ref. [14] to be valid. Indeed, it is observed that the “twist-3 Soffer-inequality” holds in the bag model and is saturated, i.e. e^q(x) = 2g^q_T (x) − h^q_L(x) in the bag model [31].^6

5This naturally happens in quark models with (sufficiently) simple nucleon wave functions [15]. 6This in turn is a necessary condition for the (also generally incorrect) twist-4 inequality of ref. [14] to be valid, which again holds in the bag model and is saturated [31]. Thus, out of the three linearly independent quark distribution functions, which exist in general at each twist level in a spin^1_2 hadron, in

– 10 –

Figure 1: Left: results for the flavour singlet (e^u + e^d)(x) vs. x from the bag [2], spectator [32] and chiral quark-soliton model [17]. Right: the same for anti-quarks. No attempt is made to indicate the δ(x)-contribution in the chiral quark-soliton model result. The model results refer to low scales around 0.5 GeV, see text. (The flavour-independent result for “e(x)” from [2] is multiplied by a factor of 3 for sake of comparison to the spectator and chiral quark-soliton model results.)

There is no δ(x)-contribution to e^q(x) in the bag model. The first moment arises from a valence-like structure and is of the order of magnitude of unity, underestimating the phenomenologically expected number in eq. (2.7). The sum rule for the second moment in eq. (2.8) is violated in the bag model. This can be understood because this sum rule follows from equations of motion, which are modified by the bag boundary [2]. It is worthwhile mentioning that e^q(x) is entirely a bag surface effect. This in some sense is consistent as the bag models confinement and thus mimics gluons [2].

Spectator model. The quark distribution functions e^u(x) and e^d(x) were estimated in the spectator model at a scale pressumably lower than 0.5 GeV [32]. In this model e^u(x) was found sizeable and e^d(x) rather small; i.e. (e^u + e^d)(x) and (e^u − e^d)(x) are of comparable magnitude, and the large-N_c relation (2.11) does not hold (which for finite N_c, of course, does not need to be the case). Also in the spectator model there is no δ(x)-function in e^q(x). The result for (e^u + e^d)(x) is shown in figure 1a.

Gross-Neveu model in (1 + 1)-dimensions. In ref. [25] e^a(x) was discussed in several toy models. The purpose of these studies was not to provide realistic estimates of e^a(x), but to shed some light on possible mechanisms leading to the appearance of a δ(x)-term.

the bag model only two respectively are linearly independent. In some sense this is analog to the situation in the non-relativistic model, where h^q_1(x) = g^q_1 (x). A possible explanation could be that both models contain only quarks and the longitudinally and transversely polarized nucleon states are related to each other geometrically, namely by (respectively ordinary and Melosh) rotations.

– 11 –

In particular, in a non-perturbative calculation in the (1 + 1)-dimensional version of the Gross-Neveu model the twist-3 distribution of “s”-type (model-) quarks in the “u”-type (model-) quark e^{s/u}(x) =^1_{2M} ∫_{dλ} 2π e^{iλx}⟨u|ψ̄_s(0)ψ_s(λn)|u⟩ was found to be proportional to δ(x). In the Gross-Neveu model the δ(x)-term arises from long range correlations along the light cone, i.e. from the fact that the correlator ⟨u|ψ̄_s(0)ψ_s(z)|u⟩ (z light-like) contains a contribution independent of z [25]. In order to illustrate that this need not be a peculiarity of the (1+1)-dimensional model it was shown (by means of perturbative methods) that e^a(x) contains a δ(x)-contribution also in other (1+1)- and (3+1)-dimensional field theories [25] (cf. also [28]).

Chiral quark-soliton model (χQSM). The flavour-singlet combination (e^u + e^d)(x), which is the leading contribution in the large-N_c limit (2.10), has been studied in the χQSM at a low normalization point of about 0.6 GeV [17]. Interestingly, (e^u + e^d)(x) was found to contain a δ(x)-contribution [17]

(e^u + e^d)(x) = C δ(x) + (e^u + e^d)(x)_{reg} , (3.5)

where (e^u + e^d)(x)_{reg} is a regular part, which has a valence-like structure and qualitatively looks similar to the bag and spectator model results, see figure 1. The coefficient C is quadratically UV-divergent in the χQSM and can consistently be regularized. It is remarkable that in the model the baryonic quantity C is proportional to the quark vacuum condensate

C = A_N ⟨vac|(ψ̄_uψ_u + ψ̄_dψ_d)|vac⟩ , A_N = 1 2 ∫ d^3x tr_F ( U + U^† 2 − 1 ) . (3.6)

The proportionality factor A_N encodes the information on the nucleon: U = exp(iτ^aπ^a) is the SU(2) chiral pion (soliton) field, tr_F denotes the trace over flavour. Numerically C = (9 ± 3) for the value (−280 ± 30)^3MeV^3 of the quark-condensate from ref. [29]. In the χQSM the first moment of (e^u + e^d)(x) is not solely due to the δ(x)-function but also receives a (small) contribution from the regular part (e^u + e^d)(x)_{reg} in (3.5). The final results are ∫ dx (e^u + e^d)(x) = (10 ± 3) and σ_{πN} = 80 MeV in reasonable agreement with eqs. (2.6), (2.7). The sum rules for the first and the second^7 moment are satisfied in the χQSM. There are no means in this model (such as gauge-invariance in QCD) to further decompose the regular part in (3.5), which is to be understood as the entangled pure-twist-3-term and mass-term.

In ref. [33] the existence of a δ(x) contribution in (e^u + e^d)(x) in the χQSM was concluded independently and in an alternative way to the derivation given in [17]. In particular, in ref. [33] it was shown that the δ(x)-term is due to long-distance quark-quark correlations. Thus, the underlying non-perturbative mechanism which gives rise to the δ(x) contribution in the χQSM is analog to that observed in the Gross-Neveu model [25].

7For the second moment, however, one cannot expect the current quark mass mq to appear in the modelversion of the QCD sum rule (2.8). Instead an “effective” mass appears because the χQSM describes bound quarks at a low scale of 0.6 GeV.

– 12 –

Apparently, a δ(x)-contribution has no partonic interpretation. However, the model relation (3.6) “suggests” an “intuitive understanding”. Let us simplifyingly interpret e^a(x) as scattering (in a particular way) off a parton in the nucleon, which carries the nucleon momentum fraction x (in the infinite momentum frame) [17]. What means scattering off a parton, which carries the momentum fraction x = 0? Eq. (3.6) suggests that the parton with x = 0 is not “moving” with the fast proton but indeed at rest. And it is not taken out of the proton but out of the vacuum, which to some extent (quantified by the constant A_N in (3.5)) is present also inside the proton [17]. It would be interesting to see whether the naive “interpretation” could be “confirmed” by observing relations analogue to (3.6) in other chiral models.

Finally we remark that the coefficient C of the δ(x)-contribution in eq. (3.6) implies a relation between the pion nucleon sigma term and the quark vacuum condensate

σ_{πN} = m ⟨vac|(ψ̄_uψ_u + ψ̄_dψ_d)|vac⟩ A_N (3.7)

with A_N (which is negative) as defined in eq. (3.6). The only model in which such a relation was known so far is the Skyrme model [34].^8

Summary of model results. In the non-relativistic limit e^a(x) and f^a_1 (x) become equal. The more realistic bag, spectator and chiral quark-soliton model [2, 17, 31, 32] suggest that e^a(x) has a sizeable valence-like structure at a low scale and is roughly half the magnitude of f^a_1 (x). The equations of motions are modified in these models (compared to QCD) and there is no gauge principle. Therefore a decomposition analogue to (2.13) is not possible. Still, in the χQSM there is a δ(x)-contribution.

The model results certainly do not discourage measurements of observables containing information on e^q(x). However, as will be discussed in the next section, this is a difficult task and only recently progress has been reported.

4. e^q(x) in experiments

The distribution function e^a(x) is a “spin-average” distribution, i.e. accessible in experiments with unpolarized nucleons. However, due to its chiral odd nature it can enter an observable only in connection with another chirally odd distribution or fragmentation function, and due to twist-3 its contribution is suppressed by a factor of M_N/Q, where Q denotes the hard scale of the process. e.g. the combination ∑ q e^2_q e^q(x) e^{q̄}(x) contributes to the Drell-Yan process with unpolarized proton beams, but only at twist-4 and together with other twist-4 quark-gluon-correlation functions [1, 2]. For some time this was the only known process involving e^a(x), which of course is inpractical to access e^a(x) experimentally.

Then the chirally and T-odd “Collins fragmentation function” H^{⊥a}_1 (z) has been introduced [35, 36], which describes the left-right asymmetry in the fragmentation of a transversely polarized quark of flavour a into a hadron. H^{⊥a}_1 (z) is “twist-2” in the sense that its contribution to observables is not power suppressed. Assuming factorization for transverse

8We thank the referee for pointing out this to us.

– 13 – momentum dependent processes, it was shown that the combination ∑ q e^2_q e^q(x) H^{⊥q}_1 (z) gives the dominant (tree-level) contribution to a single spin asymmetry, A^{sin ϕ}_{LU} , in hadron production from semi-inclusive DIS of longitudinally (subscript_L) polarized electrons off unpolarized (subscript_U ) protons [36, 37, 38]. A^{sin ϕ}_{LU} is proportional to the sine of the azimuthal angle ϕ of the produced pion around the z-axis defined by the exchanged virtual photon. This azimuthal asymmetry has been measured in the HERMES experiment and found consistent with zero within error bars [39, 40]. More recently, however, the CLAS collaboration reported the measurement of a non-zero A^{sin ϕ}_{LU} in a different kinematics [41, 42].

In the HERMES experiments also another

Figure 2: The e(x) ≡ (e^u +^1_4 e^{d̄})(x) at ⟨Q^2⟩ = 1.5 GeV^2 vs. x as extracted in [20] from the CLAS data [42]. For comparison is shown the corresponding flavour-combination of f^a_1 (x) (from [46]).

azimuthal asymmetry, A^{sin ϕ}_{UL} , in pion production from semi-inclusive DIS of unpolarized positrons off a longitudinally polarized proton target has been studied and found to be sizeable for π^+ and π^0 [39, 40]. This asymmetry contains information on H^{⊥a}_1 (z) and the chirally odd twist-2 h^a_1(x) and twist-3 h^a_L(x) distribution functions [38]. Using the model predictions from refs. [43, 44] for h^a_1(x) and h^a_L(x), in ref. [45] the relation among the favoured Collins and unpolarized fragmentation functions H^⊥_1 (z) = (0.33 ± 0.06) z D_1(z) for 0.2 ≤ z ≤ 0.7 at ⟨Q^2⟩ = 2.4 GeV^2 has been extracted from the HERMES data [39, 40].

This result for H^⊥_1 (z) has been used in ref. [20] to extract first experimental information on the flavour combination (e^u +^1_4 e^{d̄})(x) from the CLAS data on A^{sin ϕ}_{LU} in π^+ production [42]. For that it was assumed that the CLAS data is due to the Collins effect and the tree-level description of the process of refs. [37, 38] can be applied at the modest scale ⟨Q^2⟩ = 1.5 GeV^2 of the CLAS experiment. The extracted (e^u +^1_4 e^{d̄})(x) is definitely not small, about half the magnitude of the corresponding flavour combination of f^a_1 (x) in the region 0.15 ≤ x ≤ 0.4 covered in the CLAS experiment, see figure 2. It will be interesting to see whether the first information on e^a(x) reported in ref. [20] will be confirmed in future experiments.

The process described above is at present the cleanest way to access e^a(x). However, there are other processes, e.g. electro-production of transversely polarized Λ from SIDIS of a longitudinally polarized electron beam off an unpolarized proton target, where e^a(x) contributes together with further unknown fragmentation and distribution functions [38].

5. Conclusions

A brief discussion of the twist-3 chirally odd distribution function e^a(x) has been given, focusing on theoretical properties, model estimates and perspectives to measure e^a(x).

– 14 –

In particular, it has been emphasized that QCD equations of motion imply the existence of a δ-type singularity in e^a(x) at x = 0. The first Mellin moment of e^a(x) is solely due to this δ(x)-contribution. This means that unfortunately DIS-experiments will not provide any information on the phenomenologically interesting pion nucleon sigma-term, which formally is related to the first moment of e^a(x). Historically these conclusions have been drawn first on the basis of Regge arguments before the advent of QCD [22].

The existence of the δ(x)-function, however, can indirectly be confirmed in the experiment by observing that the first moment of e^a(x) vanishes if the point x = 0 is not included in the x-integration. If current quark mass effects are neglected (which practically are suppressed by m_q/Q), e^a(x) satisfies the following “practical DIS-sum rules” 1∫ 0+ dx (e^q + e^{q̄})(x) ≈ 0 , 1∫ 0 dx x (e^q − e^{q̄})(x) ≈ 0 . (5.1)

The integration limit 0+ in the sum rule for the first moment means that the point x = 0 is not included. This corresponds to the experimental situation, since data can be obtained only for x ≥ x_{min} > 0, with x_{min} depending on the facility. In principle the vanishing of the second moment of e^a(x) could also be tested experimentally by taking the difference between “structure functions” ∑ a e^2_a e^a(x) extracted from proton and neutron data, and assuming a flavour symmetric sea, i.e. the relation

∫_1 0 dx x(e^ū − e^{d̄})(x) = 0. (However, in the case of f^{q̄}_1 (x) an analogue relation, the “Gottfried sum rule” turned out to be wrong: ∫_1 0 dx (f^ū_1 − f^{d̄}_1 )(x) ≠ 0 [48].)

The “practical” sum rules (5.1) recall the situation of the twist-3 distribution function g_2(x) = g_2(x) − g^{W W}_2 (x). The first moment of g_2(x) vanishes due to the Burkhardt- Cottingham sum rule [26] and the second moment due to the Efremov-Teryaev-Leader-sum rule [47]. In the case of the chirally odd distribution e^a(x) the sum rules (5.1) will be even more difficult to test in the experiment.

In the limit of a large number of colours N_c one finds e^u(x) = e^d(x) modulo 1/N_c corrections, and in the non-relativistic one obtains e^q(x) = f^q_1 (x) modulo relativistic corrections. Both relations could serve as useful guidelines. In relativistic models, such as the bag [2, 31], spectator [32] and chiral quark-soliton model (χQSM) [17], e^a(x) has a sizeable valence-like structure at low scales about 0.5 GeV and is roughly half the magnitude of f^a_1 (x). These models do not respect the practical DIS sum rules (5.1) since the latter follow from the QCD equations of motions — but in the bag and chiral quark-soliton model different (model-) equations of motions hold. Still, in the χQSM there is a δ(x) in e^q(x) [17, 33]. The δ(x)-function arises in the χQSM from long-distance quark-quark correlations [33] — i.e. from basically the same non-perturbative mechanism found previously in the Gross-Neveu model in (1 + 1)-dimensions [25].

Experimentally e^a(x) could be accessed by means of the Collins effect [35] in semiinclusive DIS of polarized electrons off an unpolarized target [37, 38]. Recently the CLAS collaboration [41, 42] studied the process ⃗ep → π^+X and observed a particular angular distribution of the produced pions in the single (beam) spin asymmetry — as one would expect on grounds of the Collins effect [35, 37, 38]. If this interpretation, that the CLAS

– 15 – data [41, 42] are due to the Collins effect, applies then e^a(x) is definitely not small, roughly half the magnitude of f^a_1 (x) at a scale of about 1.5 GeV^2 [20].

The CLAS experiment could provide further insights, as could possibly do other fixed target experiments such as HERMES and COMPASS — when focusing on the large z region where the analyzing power H^⊥_1 (z)/D_1(z) is larger [45]. Also EMC at CERN (by a reanalysis of old data) and HERA at DESY could provide further information — where the advantage of a polarized lepton beam and an unpolarized proton could be used to explore especially the small x-region at moderate Q^2 needed to resolve the twist-3 effect.

Acknowledgments

We are grateful to G. Altarelli and A. V. Belitsky for discussions, and to the Department of Theoretical Physics of Turin University and CERN for warm hospitality where parts of this work have been completed. We also would like to thank the referee for several interesting and valuable remarks. A. E. is partially supported by RFBR grant 03-02- 16816 and INTAS grant 00/587. This work has partly been performed under the contract HPRN-CT-2000-00130 of the European Commission.

A. Consequences from using equations of motions

In this appendix the consequences are explored of using the identity in eq. (2.12) based on the equations of motions. The Mellin moments are defined as M_n[q] =

∫_1 −1 dx x^{n−1}q(x). The δ-function. The singular contribution originates from the local term ψ̄_q(0)ψ_q(0) in the identity (2.12) and is given by

e^q_{sing}(x) = 1 2M_N ∫ dλ 2π e^{iλx} ⟨N|ψ̄_q(0)ψ_q(0)|N⟩ = δ(x) 1 2M_N ⟨N|ψ̄_q(0)ψ_q(0)|N⟩ , (A.1) with the Mellin moments M_n[e^q_{sing}] = δ_{n1}^1_{2MN} ⟨N|ψ̄_q(0)ψ_q (0)|N⟩.

The pure twist-3 term. The second term on the right hand side (r.h.s. ) of the identity (2.12) gives rise to

e^q_{tw3}(x) = 1 4M_N ∫ dλ 2π e^{iλx} λ^2 F^q_{tw3}(λ) , (A.2)

F^q_{tw3}(λ) = 1∫ 0 du u∫ 0 dv ⟨N| ψ̄_q(0) σ^{αβ} n_β [0, vλn] gG_{αν} (vλn) n^ν [vλn, uλn] ψ_q(uλn) |N⟩ .

For the Mellin moments one obtains (using the support property e^a(x) ≡ 0 for |x| ≥ 1)

M_n[e^q_{tw3}] = 1 4M_N ∞∫ −∞ dx x^{n−1} ∞∫ −∞ dλ 2π e^{iλx} λ^2 F^q_{tw3}(λ)

= 1 4M_N ∞∫ −∞ dλ λ^2 F^q_{tw3}(λ) ( ∂ i∂λ )_{n−1}^∞∫ −∞ dx 2π e^{iλx}

– 16 –

= 1 4M_N ( − ∂ i∂λ )_{n−1} λ^2 F^q_{tw3}(λ) | | |_{λ=0} . (A.3)

From eq. (A.3) we immediately see that the first two moments of e^q_{tw3}(x) vanish

M_1[e^q_{tw3}] = M_2[e^q_{tw3}] = 0 . (A.4)

Higher Mellin moments, n > 2, are generally non-zero. For explicit expressions see [3, 4, 5].

The mass term. The mass term follows from the third operator on the r.h.s. of the identity (2.12)

e^q_{mass}(x) = − m_q M_N ∫ dλ 4π e^{iλx} iλ 1∫ 0 du ⟨N| ψ̄_q(0) n̸ [0, uλn] ψ_q (uλn)|N⟩ . (A.5) Taking Mellin moments of e^q(x)^{mass} (and using the support property) yields

M_n[e^q_{mass}] = − m_q M_N ∞∫ −∞ dx x^{n−1} ∞∫ −∞ dλ 4π iλ e^{iλx} 1∫ 0 du ⟨N| ψ̄_q(0) n̸ [0, uλn] ψ_q (uλn)|N⟩

= − m_q 2M_N ∞∫ −∞ dλ iλ 1∫ 0 du ⟨N| ψ̄_q(0) n̸ [0, uλn] ψ_q (uλn)|N⟩ ( ∂ i∂λ )_{n−1}^∞∫ −∞ dx 2π e^{iλx}

= − m_q 2M_N 1∫ 0 du ( − ∂ i∂λ )_{n−1} iλ ⟨N| ψ̄_q (0) n̸ [0, uλn] ψ_q(uλn)|N⟩ | | |_{λ=0} (A.6)

= 0 for n = 1 m_q 2M_N 1∫ 0 du(n−1) ( i ∂ ∂λ )_{n−2} ⟨N|ψ̄_q(0) n̸[0, uλn]ψ_q(uλn)|N⟩ | | λ=0 for n ≥ 2 .

Using the relation ( i ∂ ∂λ )_m [0, uλn] ψ(uλn) | | |_{λ=0} = (i u n^αD^α)^mψ(0)

in the expression for n ≥ 2 yields m_q 2M_N 1∫ 0 du (n − 1) ( i ∂ ∂λ )_{n−2} ⟨N| ψ̄(0) n̸ [0, uλn] ψ(uλn)|N⟩ | | |_{λ=0} =

= m_q 2M_N ⟨N| ψ̄(0) n̸ (i n_αD^α)^{n−2} ψ(0)|N⟩ 1∫ 0 du (n − 1) u^{n−2} such that we obtain

M_n[e^q_{mass}] =

0 for n = 1 m_q 2M_N ⟨N| ψ̄(0) n̸ (i n_αD^α)^{n−2} ψ(0)|N⟩ for n ≥ 2 . (A.7)

– 17 –

Recalling the definition of the twist-2 “unpolarized” distribution function f^q_1 (x) and its moments

f^q_1 (x) = ∫ dλ 4π e^{iλx} ⟨N| ψ̄_q(0) n̸ [0, λn] ψ_q(λn) |N⟩ , f^{q̄}_1 (x) = −f^q_1 (−x) M_n[f^q_1 ] = 1 2 ⟨N| ψ̄_q(0) n̸ (i n_αD^α)^{n−1} ψ_q(0) |N⟩ (A.8)

we obtain the relation between the mass term and f^q_1 (x) quoted in eq. (2.16).

In the formal manipulations in eqs. (A.3), (A.6) it was assumed that the order of integrations over x and λ can be interchanged. In general this may not be allowed (see e.g. the discussion in section 5.4 of ref. [49]). However, in above cases one does not need to worry, because all moments of e^a(x) are well defined (since σ_{πN}, N_q^{mq}_{MN} , etc. are finite).

References

[1] R.L. Jaffe and X.-D. Ji, Chiral odd parton distributions and polarized Drell-Yan, Phys. Rev.

Lett. 67 (1991) 552.

[2] R.L. Jaffe and X.-D. Ji, Chiral odd parton distributions and Drell-Yan processes, Nucl. Phys.

B 375 (1992) 527.

[3] I.I. Balitsky, V.M. Braun, Y. Koike and K. Tanaka, Q^2 Evolution of Chiral-Odd Twist-3 Distributions h_L(x, Q^2) and e(x, Q^2) in Large-N_c QCD, Phys. Rev. Lett. 77 (1996) 3078 [hep-ph/9605439].

[4] A.V. Belitsky and D. Müller, Scale dependence of the chiral-odd twist-3 distributions h_L(x) and e(x), Nucl. Phys. B 503 (1997) 279 [hep-ph/9702354].

[5] Y. Koike and N. Nishiyama, Q^2 evolution of chiral-odd twist-3 distribution e(x, Q^2), Phys.

Rev. D 55 (1997) 3068 [hep-ph/9609207].

[6] A.V. Belitsky, Leading-order analysis of the twist-3 space- and time-like cut vertices in QCD,

hep-ph/9703432.

[7] J. Kodaira and K. Tanaka, Polarized structure functions in QCD, Prog. Theor. Phys. 101 (1999) 191 [hep-ph/9812449].

[8] E. Reya, Chiral symmetry breaking and meson-nucleon Σ commutators: a review, Rev. Mod.

Phys. 46 (1974) 545;

R.L. Jaffe, The Σ term revisited, Phys. Rev. D 21 (1980) 3215.

[9] S. Weinberg, Pion scattering lengths, Phys. Rev. Lett. 17 (1966) 616;

T.P. Cheng and R.F. Dashen, Is SU(2) × SU(2) a better symmetry than SU(3)?, Phys. Rev. Lett. 26 (1971) 594;

L.S. Brown, W.J. Pardee and R.D. Peccei, Adler-Weisberger theorem reexamined, Phys. Rev. D 4 (1971) 2801.

[10] R. Koch, A new determination of the πNΣ term using hyperbolic dispersion relations in the (ν^2, t) plane, Z. Physik C 15 (1982) 161.

[11] M.M. Pavan, I.I. Strakovsky, R.L. Workman and R.A. Arndt, The pion nucleon Σ term is definitely large: results from a GWU analysis of πN scattering data, πN Newslett. 16 (2002) 110–115 [hep-ph/0111066].

– 18 –

[12] J. Gasser, H. Leutwyler and M.E. Sainio, Σ term update, Phys. Lett. B 253 (1991) 252;

Strange quark content of the nucleon, Phys. Lett. B 253 (1991) 260.

[13] T. Becher and H. Leutwyler, Baryon chiral perturbation theory in manifestly Lorentz invariant form, Eur. Phys. J. C 9 (1999) 643 [hep-ph/9901384].

[14] J. Soffer, Positivity constraints for spin dependent parton distributions, Phys. Rev. Lett. 74 (1995) 1292 [hep-ph/9409254].

[15] G.R. Goldstein, R.L. Jaffe and X.-D. Ji, Soffer’s inequality, Phys. Rev. D 52 (1995) 5006 [hep-ph/9501297].

[16] J. Soffer and O.V. Teryaev, Positivity constraints and flavor dependence of higher twists, Phys. Lett. B 490 (2000) 106 [hep-ph/0005132].

[17] P. Schweitzer, The chirally-odd twist-3 distribution function e^a(x) in the chiral quark-soliton model, Phys. Rev. D 67 (2003) 114010 [hep-ph/0303011].

[18] A.V. Efremov, K. Goeke and P.V. Pobylitsa, Gluon and quark distributions in large-N_c QCD:

theory vs. phenomenology, Phys. Lett. B 488 (2000) 182 [hep-ph/0004196].

[19] V.M. Braun and I.E. Halperin, Conformal invariance and pion wave functions of nonleading twist, Z. Physik C 48 (1990) 239.

[20] A.V. Efremov, K. Goeke and P. Schweitzer, Azimuthal asymmetries at CLAS: extraction of e^a(x) and prediction of A_{UL}, Phys. Rev. D 67 (2003) 114014 [hep-ph/0208124].

[21] A.P. Bukhvostov, G.V. Frolov, L.N. Lipatov and E.A. Kuraev, Evolution equations for quasi-partonic operators, Nucl. Phys. B 258 (1985) 601.

[22] R.L. Jaffe and C.H. Llewellyn Smith, Deep inelastic scattering and chiral symmetry breaking in the gluon model, Phys. Rev. D 7 (1973) 2506.

[23] S.J. Brodsky, F.E. Close and J.F. Gunion, Compton scattering and fixed poles in parton field theoretic models, Phys. Rev. D 5 (1972) 1384; A gauge-invariant scaling model of current interactions with Regge behavior and finite fixed pole sum rules, Phys. Rev. D 8 (1973) 3678.

[24] D.J. Broadhurst, J.F. Gunion and R.L. Jaffe, On the finiteness of scaling sum rules, Ann.

Phys. (NY) 81 (1973) 88; Deep inelastic scattering and static properties of the baryons in the quark gluon model, Phys. Rev. D 8 (1973) 566.

[25] M. Burkardt, On the possible violation of sum rules for higher twist parton distributions, Phys. Rev. D 52 (1995) 3841 [hep-ph/9505226].

[26] H. Burkhardt and W.N. Cottingham, Sum rules for forward virtual Compton scattering, Ann. Phys. (NY) 56 (1970) 453.

[27] S.D. Drell and A.C. Hearn, Exact sum rule for nucleon magnetic moments, Phys. Rev. Lett.

16 (1966) 908;

S.B. Gerasimov, A sum rule for magnetic moments and the damping of the nucleon magnetic moment in nuclei, Sov. J. Nucl. Phys. 2 (1966) 430.

[28] M. Burkardt and Y. Koike, Violation of sum rules for twist-3 parton distributions in QCD, Nucl. Phys. B 632 (2002) 311 [hep-ph/0111343].

[29] J. Gasser and H. Leutwyler, Quark masses, Phys. Rept. 87 (1982) 77.

[30] X.D. Ji, A QCD analysis of the mass structure of the nucleon, Phys. Rev. Lett. 74 (1995) 1071 [hep-ph/9410274].

– 19 –

[31] A.I. Signal, Calculations of higher twist distribution functions in the MIT bag model, Nucl.

Phys. B 497 (1997) 415 [hep-ph/9610480].

[32] R. Jakob, P.J. Mulders and J. Rodrigues, Modelling quark distribution and fragmentation functions, Nucl. Phys. A 626 (1997) 937 [hep-ph/9704335].

[33] M. Wakamatsu and Y. Ohnishi, The nonperturbative origin of delta-function singularity in the chirally-odd twist-3 distribution function e(x), Phys. Rev. D 67 (2003) 114011 [hep-ph/0303007].

[34] G.S. Adkins and C.R. Nappi, The Skyrme model with pion masses, Nucl. Phys. B 233 (1984) 109;

J.F. Donoghue and C.R. Nappi, The quark content of the proton, Phys. Lett. B 168 (1986) 105.

[35] J.C. Collins, Fragmentation of transversely polarized quarks probed in transverse momentum distributions, Nucl. Phys. B 396 (1993) 161 [hep-ph/9208213];

X. Artru and J.C. Collins, Measuring transverse spin correlations by 4 particle correlations in e^+e^− → 2 jets, Z. Physik C 69 (1996) 277 [hep-ph/9504220].

[36] D. Boer, R. Jakob and P.J. Mulders, Leading asymmetries in two-hadron production in e^+e^− annihilation at the Z pole, Phys. Lett. B 424 (1998) 143 [hep-ph/9711488]; D. Boer and R.D. Tangerman, Higher-twist quark-mass contributions to deep-inelastic scattering, Phys. Lett. B 381 (1996) 305 [hep-ph/9603428].

[37] J. Levelt and P.J. Mulders, Time reversal odd fragmentation functions in semiinclusive scattering of polarized leptons from unpolarized hadrons, Phys. Lett. B 338 (1994) 357 [hep-ph/9408257].

[38] P.J. Mulders and R.D. Tangerman, The complete tree-level result up to order 1/Q for polarized deep-inelastic leptoproduction, Nucl. Phys. B 461 (1996) 197 [hep-ph/9510301], erratum ibid. B484 (1996) 538;

D. Boer and P.J. Mulders, Time-reversal odd distribution functions in leptoproduction, Phys. Rev. D 57 (1998) 5780 [hep-ph/9711485].

[39] HERMES collaboration, A. Airapetian et al., Observation of a single-spin azimuthal asymmetry in semi-inclusive pion electro-production, Phys. Rev. Lett. 84 (2000) 4047 [hep-ex/9910062];

H. Avakian, Azimuthal single spin asymmetries in semiinclusive DIS from HERMES, Nucl. Phys. 79 (Proc. Suppl.) (1999) 523.

[40] HERMES collaboration, A. Airapetian et al., Single-spin azimuthal asymmetries in electroproduction of neutral pions in semi-inclusive deep-inelastic scattering, Phys. Rev. D 64 (2001) 097101 [hep-ex/0104005].

[41] CLAS collaboration, H. Avakian, Single-spin asymmetries at CLAS, talk at 9th International Conference on the Structure of Baryons (Baryons 2002), Newport News, Virginia, 3-8 March 2002.

[42] CLAS collaboration, H. Avakian et al., Measurement of beam-spin asymmetries for deep inelastic π^+ electroproduction, hep-ex/0301005.

[43] P.V. Pobylitsa and M.V. Polyakov, Transverse spin distribution function of nucleon in chiral theory, Phys. Lett. B 389 (1996) 350 [hep-ph/9608434];

P. Schweitzer et al., Transversity distributions in the nucleon in the large-N_c limit, Phys. Rev. D 64 (2001) 034013 [hep-ph/0101300].

– 20 –

[44] B. Dressler and M.V. Polyakov, On the twist-3 contribution to h_l in the instanton vacuum, Phys. Rev. D 61 (2000) 097501 [hep-ph/9912376].

[45] A.V. Efremov, K. Goeke and P. Schweitzer, Azimuthal asymmetry in electroproduction of neutral pions in semi-inclusive DIS, Phys. Lett. B 522 (2001) 37 [hep-ph/0108213]; Azimuthal asymmetries and Collins analyzing power, Acta Phys. Polon. B33 (2002) 3755 [Nucl. Phys. A 711 (2002) 84] [hep-ph/0206267].

[46] M. Glück, E. Reya and A. Vogt, Dynamical parton distributions of the proton and small x physics, Z. Physik C 67 (1995) 433.

[47] A.V. Efremov, O.V. Teryaev and E. Leader, An exact sum rule for transversely polarized DIS, Phys. Rev. D 55 (1997) 4307 [hep-ph/9607217].

[48] S. Kumano, Flavor asymmetry of antiquark distributions in the nucleon, Phys. Rept. 303 (1998) 183 [hep-ph/9702367].

[49] M. Anselmino, A.V. Efremov and E. Leader, The theory and phenomenology of polarized deep inelastic scattering, Phys. Rept. 261 (1995) 1 [hep-ph/9501369].

– 21 –