arXiv:hep-ph/0101057 7 Jan 2001

OLD AND NEW PARTON DISTRIBUTION AND FRAGMENTATION FUNCTIONS^∗ )

A.V. Efremov^†)

Joint Institute for Nuclear Research, Dubna, 141980 Russia

Received XXX

A short review of problems with parton distribution functions in nucleons, non-polarized and polarized, is given. The main part is devoted to the transversity distribution its possible measurement and its first experimental probe via spin asymmetry in semi-inclusive DIS. It is argued that the proton transversity distribution could be successfully measured in future DIS experiments with longitudinally polarized target.

1 Parton characteristics of hadrons

It is well known that three most important (twist-2) parton distributions functions (PDF) in a nucleon are the non-polarized distribution function f_1(x), the longitudinal spin distribution g_1(x) and the transverse spin distribution h_1(x) [1]. The first two have been more or less successfully measured experimentally in classical deep inelastic scattering (DIS) experiments but the measurement of the last one is especially difficult since it belongs to the class of the so-called chiral-odd structure functions and can not be seen there.

The non-polarized PDF’s was measured for decades and are rather well known in wide range of x and Q^2. Its behavior in Q^2 is well described by the QCD evolution equation (DGLAP) and serves as one of the main source of α_s(Q^2) determination. The most recent parametrization of these functions can be found in [2].

One of the main problem here is the very small x behavior. Summing the leading log x with the help of the BFKL equation predicts a rather quick rise of xf_1(x) ∝ x^{−0.55} which seems to find some experimental support. Recent calculations of NLL corrections, however, cardinally change this situation [3]. Another problem is the flavor asymmetry of the sea quarks connected with the break down of the Gottfried sum rule [4].

The longitudinal spin PDF’s draw common attention during last decade in connection with the famous ”Spin Crisis”, i.e. astonishingly small portion of the proton spin carried by quarks (see [5] and references therein). The most popular explanation of this phenomenon is large contribution of the gluon spin ΔG(x). The direct check of this hypothesis is one of the main problem of future dedicated experiments like COMPASS at CERN. Even now, however, there are some indication to considerable value of ΔG(x) coming from the Q^2 evolution of the polarized PDF’s [6] with the result

∫_1 0 dxΔG(x) = 0.58 ± 0.12 at Q^2 = 1 GeV^2 and from the first direct experimental probe of ΔG(x) by HERMES collaboration [7] with the result ΔG(x)/G(x) = 0.41 ± 0.18 in the region 0.07 < x < 0.28 (see Fig. 1). The latter

∗) The work is supported by RFBR Grant No. 00-02-16696. †) E-mail: efremov@thsun1.jinr.ru

Czechoslovak Journal of Physics, Vol. 51 (2001), No. 0 A 1

is in reasonable agreament with large N_c limit prediction [8] ΔG(x)/G(x) ≈ 1/N_c for not very small x.

Fig. 1. The gluon spin distributions obtained from (left) fit of Q^2 evolution of polarized PDF’s [6] ( (a) without E155 data and (b) including E155) and (right) from high pT events in semi inclusive DIS [7]. The curves present different fits of polarized DIS.

Another problem here is the sea quark spin asymmetry. It is usually assumed in fitting the experimental data that Δū = Δd̄ = Δs̄. This ad hoc assumption however contradicts with large N_c limit prediction Δū ≈ −Δd̄ [8]. This was previously discovered for the instanton model [9] and supported by calculations in the chiral quark soliton model [10, 11]. Also this agrees with the phenomenological approach based on ”Pauly blocking principle” [12]. An indication to a nonzero value for Δū − Δd̄ was also observed in [13].

Turn now to DIS with transversely polarized target. A new result on the structure function g_2 was recently reported by E155x collaboration [14]. its twist-2 part is well defined by the structure function g_1 via Wandzura-Wilczek relation [15]

g^{W W}_2 (x, Q^2) = −g_1(x, Q^2) +

∫_1 x dy y g_1(y, Q^2) (1)

and the deflection off this is just pure dynamical twist-3 contribution. This deflection have to be small however due to two exact sum rules automatically valid for the WW-part: the Burkhardt-Cottingham [16]

∫_1 0 dxg_1(y, Q^2) = 0 (exper. −0.01 ± 0.02) (2) and Efremov-Leader-Teryaev [17]

∫_1 0 dxx ( g^{val}_1 (y, Q^2) + 2g^{val}_2 (x, Q^2) ) = 0 (exper. −0.004 ± 0.008) (3)

Concerning the transversity distribution it was completely unknown experimentally till recent time. The only information comes from the Soffer inequality [18] |h_1(x)| ≤^1_2 [f_1(x) + g_1(x)] which follows from density matrix positivity. To access these chiral-odd structure functions one needs either to scatter two polarized protons and to measure the transversal spin correlation A_{NN} in Drell-Yan process (what is the problem for future RHIC) or to know the transverse polarization of the quark scattered from transversely polarized target. There are several ways to do this:

1. To measure a polarization of a self-analyzing hadron to which the quark fragments in a semi inclusive DIS (SIDIS), e.g. Λ-hyperon [19]. The drawback of this method however is a rather low rate of quark fragmentation into Λ-particle (≈ 2%) and especially that it is mostly sensitive to s-quark polarization.

2. To measure a transverse handedness in multi-particle parton fragmentation [20], i.e. the correlation of the quark spin 4-vector s_μ and particle momenta k^ν_i , ϵ_{μνσρ}s^μk^ν_1 k^σ_2 k^ρ (k = k_1 + k_2 + k_3 + · · · is a jet 4-momentum).

3. To use a new spin dependent T-odd parton fragmentation function (PFF) [21, 22, 23] responsible for the left-right asymmetry in one particle fragmentation of transversely polarized quark with respect to quark momentum–spin plane. (The so-called ”Collins asymmetry” [24].)

The last two methods are comparatively new and only in the last years some experimental indications to the transversal handedness and to the T-odd PFF have appeared [25, 26]. The latter result was used [27] to extract the information on the proton transversity distribution^1) from recently observed azimuthal asymmetry in SIDIS by HERMES [29] collaboration and by SMC [30]. This will be the subject of the rest of my talk.

2 T-odd PFF’s

Analogous of PDF’s f_1, g_1 and h_1 are the PFF’s D_1, G_1 and H_1, which describe the fragmentation of a non-polarized quark into a non-polarized hadron and a longitudinally or transversely polarized quark into a longitudinally or transversely polarized hadron, respectively.

These PFF’s are integrated over the transverse momentum P_{h⊥} of a hadron with respect to a quark. With P_{h⊥} taken into account, new PFF’s arise. Using

1) A similar work was done also in the paper [28] where some adjustable parametrization for the T-odd PFF and some estimations for h1(x) were used. Our approach is free of any adjustable parameters.

the Lorentz- and P-invariance one can write in the leading twist approximation 8 independent spin structures [21, 22]. Most spectacularly it is seen in the helicity basis where one can build 8 twist-2 combinations, linear in spin matrices of the quark and hadron σ, S with momenta k, P_h.

Especially interesting is a new chiral-odd structure that describes a left–right asymmetry in the fragmentation of a transversely polarized quark: H^⊥_1 σ(k × P_{h⊥})/k⟨P_{h⊥}⟩, where H^⊥_1 is a function of the longitudinal momentum fraction z and quark transverse momentum k^2_T . The ⟨P_{h⊥}⟩ is the averaged transverse momentum of the final hadron^2). Since the H^⊥_1 term is chiral-odd, it makes possible to measure the proton transversity distribution h_1 in semi-inclusive DIS from a transversely polarized target by measuring the left-right asymmetry of forward produced pions (see [23, 31] and references therein). It serves as analyzing power of the Collins effect.

The problem is that, first, this function was completely unknown till recent time both theoretically and experimentally. Second, the function H^⊥_1 is the socalled T-odd fragmentation function: under the naive time reversal P , k, S and σ change sign, which demands a purely imaginary (or zero) H^⊥_1 in the contradiction with naive hermiticity. This, however, does not mean the break of T-invariance but rather the presence of an interference of different channels in forming the final state with different phase shifts, like in the case of single spin asymmetry phenomena [32]. A simple model for this function could be found in [24]^3). (In this aspect they are very different with the T-odd PDF’s which can not exist since they are purely real. Interaction among initial hadrons which could brings an imaginary part breaks the factorization and the whole parton picture.) Thus, the situation here is far from being clear.

Meanwhile, the data collected by DELPHI (and other LEP experiments) give a possibility to measure H^⊥_1 . The point is that despite the fact that the transverse polarization of quarks in Z^0 decay is very small (O(m_q /M_Z )), there is a non-trivial correlation between transverse spins of a quark and an antiquark in the Standard Model: C^{qq̄}_{T T} = (v^2_q − a^2_q )/(v^2_q + a^2_q ), which are at Z^0 peak: C^{u,c}_{T T} ≈ −0.74 and C^{d,s,b}_{T T} ≈ −0.35. With the production cross section ratio σ_u/σ_d = 0.78 this gives for the average over flavors value ⟨C_{T T} ⟩ ≈ −0.5.

The transverse spin correlation results in a peculiar azimuthal angle dependence of produced hadrons, if the T-odd fragmentation function H^⊥_1 does exist [24, 34]. A simpler method has been proposed by an Amsterdam group [22]. They predict a specific azimuthal asymmetry of a hadron in a jet around the axis in direction of a second hadron in the opposite jet^4)

2) We use the notation of the work [21, 22, 23]. Notice different normalization factor, ⟨Ph⊥⟩ instead of Mh.

3) It was however conjectured [33] that the final state phase shift can be averaged to zero for a single hadron fragmentation upon summing over unobserved states X.

4) The factorized Gaussian form of Ph⊥ dependence was assumed for Hq⊥1 and Dq1 and integrated over |Ph⊥|.

dσ d cos θ_2dϕ_1

∝ (1 + cos^2 θ_2) ·

1 + 6 π [ H^{⊥q}_1 D^q_1

]_2 C^{qq̄}_{T T} sin^2 θ_2 1 + cos^2 θ_2 cos(2ϕ_1) , (4)

where θ_2 is the polar angle of the electron and the second hadron momenta P_2, and ϕ_1 is the azimuthal angle counted off the (P_2, e^−)-plane. This asymmetry was recently measured [26] using the DELPHI data collection. For the leading charged particles (mostly pions) in each jet of two-jet events, summed over z and averaged over quark flavors (assuming H^⊥_1 = ∑ H H^{⊥ q/H} 1 is flavor independent), the most reliable preliminary value of the analyzing power is found to be | | | ⟨H^{⊥1} ⟩ ⟨D_1⟩ | | | = (6.3 ± 2.0)% , (5)

with presumably large systematic errors^5).

3 Azimuthal asymmetries

The azimuthal asymmetries measured by HERMES for SIDIS with π^+ and π^− production on longitudinally polarized target are

A^W_{UL} = 2 ∫ dϕdyW (dN^+/S^+dydϕ − dN^−/S^− dydϕ) ∫ dϕdy (dN^+/dydϕ + dN^−/dydϕ) , (6)

where W = sin ϕ or sin 2ϕ and S^±_H is the nucleon polarization. It consists of two sorts terms [23]: a twist-2 asymmetry sin 2ϕ

A^{sin 2ϕ} UL ∝ − ∑ a e^2_ah^{⊥(1)a}_{1L} (x)⟨H^{⊥a/π}_1 (z)⟩ ∑ a e^2_af^a_1 (x)⟨D^{a/π}_1 (z)⟩

, (7)

and a twist-3 asymmetry sin ϕ.

A^{sin ϕ}_{UL} ∝ 8M Q · ∑ a e^2_a ( xh^a_L(x)⟨H^{⊥a/π}_1 (z)/z⟩ − h^{⊥(1)a}_{1L} (x)⟨ ~H^{a/π}(z)/z⟩ ) ∑ a e^2_af^a_1 (x)⟨D^{a/π}_1 (z)⟩

. (8)

Here ϕ is the azimuthal angle around the z-axis opposite to direction of virtual γ momentum in the Lab frame, counted from the electron scattering plane. The first asymmetry is proportional to the p_T -dependent transverse quark spin distribution in longitudinally polarized proton, h^⊥_{1L}(x, p_T ), while the second one contains two parts: one term is proportional to the twist-3 distribution function h_L(x) and the

5) Close value was also obtained from pion asymmetry in inclusive pp-scattering [35].

second one proportional to the twist-3 interaction dependent correction to the fragmentation function ~H. We will systematically disregard this interaction dependent correction (just as in the Wandzura-Wilczek relation)^6).

In the same approximation, the integrated functions over the quark transverse momentum, h^⊥_{1L}(x, p_T ) and h_L(x), are expressed through the transversity h_1

h^{⊥(1)}_{1L} (x) ≡ ∫ d^2p_T ( p^2_T 2M^2 ) h^⊥_{1L}(x, p_T ) = −x^2

∫_1 x dξh_1(ξ)/ξ^2 = −(x/2)h_L(x) , (9) Assume now that only the favored fragmentation functions D^{a/π}_1 and H^{⊥a/π}_1 will contribute this ratios, i.e. D^{u/π} + 1 (z) = D^{d̄/π} + 1 (z) = D^{d/π} � 1 (z) = D^{ū/π} � 1 (z) ≡ D_1(z) and similarly for H^⊥_1 (z). This would allow us to extract from the observed HERMES asymmetries an information on h^u_1 (x)+(1/4)h^{d̄}_1(x) and to compare with some model prediction. Instead, we use the prediction of the chiral soliton model [38] for h^a_1(x) and the GRV parametrization [39] for unpolarized PDF’s f^a_1 (x) to calculate the asymmetries A^{sin ϕ}_{UL} and A^{sin 2ϕ}_{UL} for π^+ and π^−. The comparison of the asymmetries thus obtained with the HERMES experimental data is presented on Fig. 2.

Fig. 2. Single spin azimuthal asymmetry for π^+ (left) and π^− (right): A^{sin ϕ}_{UL} (squares) and A^{sin 2ϕ}

UL (circles) as a functions of x. The solid (Asin ϕUL ) and the dashed lines (Asin 2ϕUL ) correspond to the chiral quark-soliton model calculation at Q2 = 4 GeV 2. The shaded areas represent the uncertainty in the value of the analyzing power (5).

The agreement is good enough though the experimental errors are yet rather large. The sign of the asymmetry is uncertain since only the modulus of the analyzing power (5) is known. Fig. 2 gives evidence for positive sign. Notice that

6) The calculations in the instanton model of QCD vacuum supports disregard of ~hL [36]. As

for ~H_{, it disappears after integration over} z_{due to relation [37]} ~H_∝ z^d_{dz (}zH^⊥_{1 (}z_{)).} in spite of the factor M/Q in the Exp. (8) it is several times larger than (7) for moderate Q^2. That is why this asymmetry prevails for the HERMES data where ⟨Q^2⟩ ≈ 2.5 GeV^2. One can thus state that the effective chiral quark soliton model [38] gives a rather realistic picture of the proton transversity h^a_1(x).

The interesting observable related to h_1(x) is the proton tensor charge. The calculation in this model yields [40] h_1 ≡ ∑ a ∫_1 0 dx ( h^a_1(x)−h^ā_1(x) ) = 0.6. Compare this with most recent experimental value of the proton axial charge [6] a_0 = 0.28 ± 0.05 and the value obtained in the same model a_0 = 0.35 [41]. These very different values for the axial and tensor charges of the nucleon are in contradiction with the nonrelativistic quark model prediction.

Concerning the asymmetry observed by SMC [30] on transversely polarized target one can state that it agrees with result of HERMES (see [27] for more details).

In conclusion, using the preliminary estimation for Collins effect analyzing power from DELPHI data and the effective chiral quark soliton model for the proton transversity distribution we obtain a rather good description of the azimuthal asymmetries in semi-inclusive hadron production measured by HERMES and SMC, though the experimental errors are yet large. This, however, is only the first experiments! We would like to stress that our description has no free adjustable parameters. Probably the most useful lesson we have learned is that to measure transversity in SIDIS in the region of moderate Q^2 it is not necessary to use a transversely polarized target. Due to approximate Wandzura-Wilczek type relations (9) one can explore the longitudinally polarized target also. This is very important for future experiments, like COMPASS at CERN since the proton transversity could be measured simultaneously with the spin gluon distribution ΔG(x).

References

[1] J.Ralston and D.E.Soper: Nucl.Phys B152 (1979) 109.

J.L.Cortes, B.Pire, and J.P.Ralston: Z. Phys.C55 (1992) 409. R.L.Jaffe and X.Ji: Phys. Rev. Lett. 67 (1991) 552; Nucl. Phys B375 (1992) 527.

[2] A.D.Martin, R.G.Roberts, W.J.Stirling and R.S.Thorne: Eur. Phys. J. C4 (1998) 463; hep-ph/9803445.

[3] V.S.Fadin and L.N.Lipatov: Phys. Lett. B429 (1998) 127; hep-ph/9802290.

[4] S.Kumano: Phys. Rep. 303 (1998) 183 and references therein.

[5] M.Anselmino, A.Efremov and E.Leader: Phys. Rep. 261 (1995) 1; hep-ph/9501369. [6] E.Leader, A.V.Sidorov and D.B.Stamenov: Phys. Lett. B462 (1999) 189;

hep-ph/9905512.

[7] HERMES Collaboration, A.Airapetian et al.: Phys. Rev. Lett. 84 (2000) 2584. [8] A.V.Efremov, K.Göke and P.V.Pobylitsa: Phys. Lett. B488 (2000) 182 [hepph/0004196].

[9] A.E.Dorokhov and N.I.Kochelev: Phys. Lett. B304 (1993) 167; A.E.Dorokhov, N.I.Kochelev and Yu.A.Zubov: Int. J. Mod. Phys. A8 (1993) 603.

[10] D.I.Diakonov, V.Yu.Petrov, P.V.Pobylitsa, M.V.Polyakov and C.Weiss: Nucl. Phys.

B 480 (1996) 341; Phys. Rev. D56 (1997), 4069.

[11] B.Dressler, K.Göke, M.V.Polyakov and C.Weiss: Eur. Phys. J. C14 (2000) 147 [hepph/9909541].

[12] M.Gluck and E.Reya: Mod. Phys. Lett. A15 (2000) 883; R. S. Bhalerao: hepph/0003075.

[13] T.Morii and T.Yamanashi: Phys. Rev. D61 (2000) 057501. [14] S.Rock: Talk at 35-th Rencontre de Moriond, Les Arcs March 18-25, 2000 [15] S.Wandzura and F.Wilczek: Phys. Lett. B72 (1977) 195. [16] H.Burkhardt and W.N.Cottingham: Ann. Phys. 56 (1970) 453 [17] A.V.Efremov, O.V.Teryaev and E.Leader: Phys. Rev. D55 (1997) 4307 [18] J.Soffer: Phys. Rev. Lett 74 (1995) 1292.

[19] J.E.Augusten and F.M.Renard: Nucl. Phys. B162 (1980) 341. [20] A.Efremov, L.Mankiewicz and N.Törnqvist: Phys. Lett. B284 (1992) 394. [21] D.Boer and P.J.Mulders: Phys. Rev. D57 (1998) 5780. [22] D.Boer, R.Jakob and P.J.Mulders: Phys. Lett. B424 (1998) 143. [23] P.J.Mulders and R.Tangerman: Nucl. Phys. B461 (1995) 234.

D.Boer and R.Tangerman: Phys. Lett. B381 (1996) 305. [24] J.Collins: Nucl. Phys. B396 (1993) 161.

X.Artru and J.C.Collins: Z. Phys. C69 (1996) 277.

[25] A.V.Efremov, Y.I.Ivanshin, L.G.Tkatchev and R.Y.Zulkarneev: Phys. Atom. Nucl.

63 (2000) 445; nucl-th/9901005.

[26] A.V.Efremov, O.G.Smirnova and L.G.Tkatchev: Nucl. Phys. (Proc. Suppl.) 74 (1999) 49 and 79 (1999) 554; hep-ph/9812522.

[27] A.V.Efremov, K.Göke, M.V.Polyakov and D.Urbano: Phys. Lett. B478 (2000) 94;

hep-ph/0001119.

[28] A.M.Kotzinian, K.A.Oganessyan, H.R.Avakian and E.De Sanctis: Nucl. Phys. A (Proc. Suppl.); hep-ph/9908466.

[29] H.Avakian: Nucl. Phys. (Proc. Suppl.) B79 (1999) 523.

A. Airapetian et. al.: hep-ex/9910062. See also D. Harsch in this Proceedings. [30] A.Bravar: Nucl. Phys. (Proc. Suppl.) B79 (1999) 521. [31] A.Kotzinian: Nucl. Phys. B441 (1995) 236.

[32] S.Gasiorowich: Elementary particle physics, Wiley, New-York, 1966, p. 515. [33] R.L.Jaffe, X.Jin and J.Tang: Phys. Rev. D57 (1998) 5920; Phys. Rev. Lett. 80 (1998) 1166.

[34] J.Collins et al.: Nucl. Phys. B420 (1994) 565. [35] M.Boglione and P.J.Mulders: hep-ph/9903354. [36] B.Dressler and M.V.Polyakov: hep-ph/9912376.

[37] M.Boglione and P.J.Mulders: Prepr. VUTH 00-04; hep-ph/0001196.

8 A Czech. J. Phys. 51 (2001)

[38] P.V.Pobylitsa and M.V.Polyakov: Phys. Lett. B 389 (1996) 350;

K.Göke et al.: in preparation.

[39] M.Glück, E.Reya and A.Vogt: Z. Phys. C 67 (1995) 433.

[40] H.Kim, M.V.Polyakov and K.Göke: Phys. Lett. B387 (1996) 577; hep-ph/9604442. [41] K.Göke et al.: Preprint RUB-TPII-18/99; hep-ph/0001272.

M.Wakamatsu and H.Yoshiki: Nucl. Phys. A 524 (1991) 561. A.Blotz, M.V.Polyakov and K.Göke: Phys. Lett. B302 (1993) 151.