hep-ph/9909359 14 Sep 1999

On the QCD dipole content of hard photon and gluon probes

R.Peschanski^a

a Service de Physique Théorique, CEA CEA-Saclay, F-91191 Gif-sur-Yvette Cedex, France

A gluon forward jet playing the rôle of a deep probe in high energy scattering, we analyze its infinite momentum QCD wave function in terms of dipole (color-siglet qq̄) configurations using kT -factorization properties. The comparison is made with virtual photon qq̄ configurations. Some implications for hard processes with forward jets at Hera and Tevatron are suggested.

1. Photons and gluons as hard probes

The studies on deep-inelastic scattering experiments by virtual photon probes have emphazised the interest of using the formalism of qq̄ wavefunctions of the photon in the infinite momentum frame [1]. Indeed, the theoretical predictions for small-x structure functions at the leading-log approximation can be expressed in terms of the probability of finding the qq̄ configurations inside the photon probe [1,2] convoluted with the high-energy dipole-dipole cross-section [3,4]. This is to be compared to the k-factorization scheme [5] where the photon vertex function is convoluted with the unintegrated off-shell gluon structure function solution of the Balitskii, Fadin, Kuraev, Lipatov (BFKL) equation [6]. Interestingly enough, both schemes can be shown equivalent [7]. More recently, the photon wave-functions proved to be very useful in the investigations of the so-called “hard diffraction” processes characterized by a large rapidity gap between particles produced at the photon and proton vertices at Hera. Indeed, the physical process in which a color singlet qq̄ configuration of the photon interacts [2,8] with the proton seems to give an interesting and original insight on the dynamics of “hard diffraction” processes initiated by a photon probe. The interaction of various configurations can also be treated in the dipole model framework [7-9] using the evolution with energy of the initial color singlet qq̄ configuration of the photon into a cascade of colorless dipoles.

In other reactions of interest, the hard probe is not furnished by a virtual photon. This is the case at the Tevatron for instance, where an energetic forward jet with high transverse momentum k_T is used as the hard QCD probe in various studies such as the Mueller-Navelet process [10] or “hard diffraction” processes at Tevatron. The gluon jet as a hard probe is also present in forward jet studies at Hera where it allows for a completely perturbative QCD prediction for the hard gluon vs. hard photon scattering at high energy where one looks for a clear signal of the BFKL Pomeron [11-14]. However, if a treatment of the gluon vertex following the k-factorization scheme is well known, the corresponding formalism using color-singlet qq̄ wave-functions has not been either derived or even discussed. In fact, there exist some reasons why it is interesting to discuss a hard probe using this formalism: first, it provides a description of the hard probe in the configuration space. This configuration space is spanned by the variables ⃗r ≡ re^{iϕ}, z where ⃗r is the transverse vector coordinate between q and q̄ and of the energy fraction z (resp. 1−z) brought by the quark (resp. the antiquark). Second, it is interesting to check the validity and limitations of the vertex factorization properties in configuration space. Third, “hard diffraction” has been formulated using the wave-function formalism and leads to quite non-trivial formulae (including the presence of interference terms [7,9]) which are not yet known for the gluon jet probe, e.g. at the Tevatron.

We present here a report on a new [15] derivation and discussion of the color-singlet dipole content of a gluon jet probe. The starting point of this work starts from the result of the color-singlet factorization scheme for the photon and its equivalence with the k-factorization scheme in deep inelastic scattering. Using a parallel to the photon approach for the color singlet content of a hard gluon jet, the configuration space distributions are derived in terms of a definite combination of squared of Bessel functions depending on the variable rk_T , where k_T of the jet gives the hard scale. The validity of the color-singlet scheme is then checked both for the Mueller-Navelet [10] and DIS forward jet formulae including the azimuthal assymetries [13,14]. The resulting functions can be discussed in terms of absorption of the gluon partial waves in the dipole center-of-mass frame. Some distinctive (w.r.t. a photon probe) features of the resulting states, such as the presence of both virtual and real contributions and the long distance behaviour of the wave-functions are typical features of the gluon jet which may have a significant impact on the phenomenology of hard reactions at high energy initiated by a forward jet probe.

2. Color-singlet versus k-factorization at the photon vertex

As mentionned in the introduction, the factorization properties of (resummed at the leadings logs) perturbative QCD in the high-energy regime can be put into two equivalent forms [7]. One form is using the k-factorization property [5] which relates the γ�-dipole cross-section to the product of the impact factors V_{T,L} by a g�-dipole cross-section where g� is an off-mass-shell gluon (T, L are for the T ransverse, Linear polariza- tions of the photon). The equivalent form is obtained through the photon wave-function in terms of qq̄ configurations [1] convoluted with the qq̄- dipole cross-section. The target dipole is considered to be small (i.e. massive) in order to justify the (resummed) perturbative QCD calculations. This equivalence is sketched in Fig.1, taking as an example the transverse helicity contributions from the virtual photon.

The light-cone wave functions of the photon for photon helicity ±1, 0 are [1]

Ψ^+_T ( z, r, Q^2 ) = C z e^{iφ}Q̂K_1 ( Q̂r )

Figure 1. The two factorization schemes of the γ�-dipole cross-section. First Scheme: kfactorization of the gluon-dipole impact factors V^{(p=0,1)}

T where p is for the conformal spin see Ref. [16] for details and notations); Second Scheme: wave-function factorization of the (qq̄)−d crosssection. Ψ�_T^(_{z, r, Q}2^)_{= C (1−z) e}�iφ_{Q̂K1}^(_{Q̂r}^) Ψ_L ( z, r, Q^2 ) = C 2 √ z(1−z) Q̂K_0 ( Q̂r ) , (1)

where K_{0,1} are the known Bessel functions of second kind. By definition Q̂ ≡ Q √ z(1−z) and the

normalization is C^2 ≡^{αemNc e2q}_{4παs} with e_q the quark charge.

For a given target t (e.g. the massive dipole d in Fig.1), the transverse and longitudinal photontarget total cross sections σ^t_{T,L} obtained by highenergy QCD in the leading logs approximation read σ^γ_{T,L} = ∫ d^2rdz ∫ d^2r_tdz_t × Φ_{T,L}(r, z; Q^2)Φ^t(r_t, z_t; Q^2_t ) σ_d(r, r_t; Y ) , (2)

where, by definition, Φ_T ≡ |Ψ^+_T |^2 + |Ψ�_T |^2 for the transversely polarized photon, Φ_L ≡ |Ψ_L|^2 for the longitudinally polarized one and Φ^t(r_t, z_t) defines the probability distribution of initial dipoles inside the target (e.g. δ(r_t −1/Q_t)δ(z_t −1/2) for a massive dipole at scale Q_t).

Concerning the qq̄ dipole cross section σ_d, it can be expressed using a Mellin transform and reads [7]:

σ_d(r, r_t; Y ) = 4π ∫ dγ 2iπ ( r^2

)_1�_γ ( r^2_t )_γ × e^{αsNcπ χ(γ)Y} A_{el}(γ) , (3) where χ(γ) = 2Ψ(1) − Ψ(γ) − Ψ(1−γ) , (4) stands for the BFKL kernel [6] A_{el}(γ) = α^2_s 16γ^2(1−γ)^2

= α^2_sv(γ)v(1−γ) (5)

is the first order elastic two-gluon exchange amplitude while the factor v(γ) = 2�2γ�1 γ Γ(1−γ) Γ(1+γ) (6) gives the coupling of the virtual gluon to the massive dipole (related to σ_g�_d in Fig.1 by Mellin transform [5,7]).

In formula (2), Φ_T ≡ |Ψ^+_T |^2 + |Ψ�_T |^2 (resp. Φ_L ≡ |Ψ_L|^2) are thus the probability distributions of qq̄ configurations for transverse (resp. longitudinally) polarized photons. Note that there exists also subdominant BFKL contributions which depend [16] on the interference term 2ℜe { Ψ^+_T (¯ Ψ�_T^{)}}_{. They play a rôle in the study of}

azimuthal correlations [13,14] beyond the leading BFKL terms. Introducing the Mellin-transforms of the photon probability distributions defined by: ∫ d^2r 2π (rQ)^2�^{2γ} ∫ dz Φ_{T,L}(r, z; Q^2) = ϕ_{T,L}(γ) (7)

and performing the integrations with respect to r, z, the equation (2) can be rewritten as σ^γ_{T,L} = 32π^2 Q^2 ∫ dγ 2iπ ( Q Q_t )_{2γ} e^{αsNcπ χ(γ)Y} × ϕ_{T,L}(γ) A_{el}(γ) . (8) This equation is identical to the BFKL expression of the same cross-sections thanks to the following identity [7] A_{el}(γ) · ϕ_{T,L}(γ) = α_{em} α_sN_c 4π v(γ) · V_{T,L}(γ) γ , (9) where

V_T (γ) = α_s 6π (1+γ)(2−γ)2^1�^{2γ} (1+2γ)(1−^2_3 γ)

Γ(1+γ)Γ^3(1−γ) Γ(2−2γ)

V_L(γ) = V_T (γ) 2γ(1−γ) (1+γ)(2−γ)

(10)

are the k-factorized impact factors [5] for transverse and longitudinal photons.

One finally obtains the relation between the color singlet distribution functions and the related impact factors for a virtual photon as: ϕ_{T,L}(γ) ≡ α_{em}e^2 N_c 4πα_s V_{T,L}(γ) γ 1 v(1 − γ) . (11)

The formula (11) gives the explicit relation between the high energy k factorization and the wave-function formalisms. The (resummed) perturbative QCD cross section can thus be factorized equivalently in two ways: i) by the convolution of the photon gluon cross section times the gluon coupling to the dipole (right hand side), ii) by the probability distribution of a pair of quarks in the photon times the dipole-dipole elementary interaction (left hand side). Note however, that “soft” targets may lead to models differing only through the non perturbative extensions of the two formalisms, see, e.g. [7].

3. The gluon jet probe

In order to determine the color singlet qq̄ content of a gluon jet, we shall follow an approach very similar to the previous one for the photon probe. Let us consider now the gluon-target cross-sections instead of the photon-target ones by writing σ^g_{T,L} = ∫ d^2rdz ∫ d^2r_tdz_t × Φ^g_{T,L}(r, z; Q^2)Φ^t(r_t, z_t; Q^2_t ) σ_d(r, r_t; Y ) , (12) and using the same equations (3-6), one writes σ^g_{T,L} = 32π^2 Q^2 ∫ dγ 2iπ ( Q Q_t )_{2γ} e^{αsNcπ χ(γ)Y} × ϕ^g_{T,L}(γ) A_{el}(γ) , (13) where now ∫ d^2r 2π (Qr)^{2(1}�^{γ)} ∫ dz Φ^g_{T,L} = ϕ^g_{T,L}(γ) , (14) by definition. The BFKL equation for the same cross-sections is particularly simple since the impact factors of the gluon are just equal to one by definition and the gluon coupling to the dipole is given by formula (6). One thus get the following identities A_{el}(γ) · ϕ^g_{T,L}(γ) ≡ α^2_s 4π v(γ) (1−γ) , (15)

where the factor (1−γ)�^1 comes from the integration of transverse momentum scales with lower bound Q at the upper vertex (the unintegrated spectrum, appearing in the BFKL formalism, is expressed without this factor).

Finally, using relation (5) the result reads: ϕ^g_{T,L}(γ) ≡ 1 4π 1 (1−γ) v(1−γ) , (16)

where the normalization of Φ^g_{T,L}(r, z; Q^2) is 1 after integration. This formula is the basis of our derivation [15] of the gluon jet probe in terms of colorless qq̄ configurations. All in all it consists in the fact that the reformulation of the impact factors of the gluon in terms of dipole configurations generate a definite prediction for the probability distribution of dipoles in a gluon probe.

It can be shown [15] that a parametrization of the probability distributions of dipoles inside the gluon probe can be written as follows:

Φ^g_T ( z, r, Q^2 ) = ( z^2 + (1−z)^2 )^ Q^2ϕ^g_T (u) (17)

Φ^g_L ( z, r, Q^2 ) = 4z(1−z) Q̂^2ϕ^g_L(u), (18)

where the functions ϕ^g_T and ϕ^g_L describe the configuration space features of the color singlet dipoles in the gluon probe and u ≡ Q̂r. These functions can be derived and lead to an interpretation in terms of quantum states and wavefunctions of these dipoles. Indeed, as discussed in [15], the parametrization (18) reflects the fact that the first-created dipole in the ordered in rapidity cascade of the QCD dipole model [3] brings almost the whole energy and shares approximately the same energy between its quark z and antiquark 1−z, than the quark and antiquark directly coupled to the incident gluon, while the color had flown away . From this assumption (18) and from the equation (16), and after some algebra [15], it is not too difficult to find the following solutions (valid within some approximation [15])

Φ^g_T ( z, r, Q^2 ) ≡ 2 π ( z^2 +(1−z)^2 ) Q̂^2 × { J^2_1 (u) (u)^2

+ J^2_0 (u)−J^2_1 (u)−

J^2_2 (u) 2(u)^2 }

Φ^g_L ( z, r, Q^2 ) ≡ 6 π z(1−z) Q̂^2 × { J^2_1 (u) (u)^2

+J^2_0 (u)− 2 3 J^2_1 (u)− 1 3 J^2_2 (u) } ,(19)

where J_{0,1,2} are the usual Bessel functions of first kind.

4. gluon versus photon probes

The resulting formulae (19) call for some comments when compared to the photon wave functions (1) and may have interesting implications for hard processes with forward jets.

i) The dependence on the parameter u is much softer (power-like) for the gluon than for the photon (exponential). Thus, the size fluctuations of the dipoles in configuration space for a given scale Q̂ are expected to be more important.

ii) In the expression of the distributions Φ^g_{T,L}, there are a terms with both signs. Thus, contrary to the photon case, there cannot be interpreted as probability distributions . Indeed, a formulation in terms of real and virtual intermediate dipole states can match with formulae (19). It amounts to consider that there are initial colorful states in the description of the gluon probe, since the gluon is not locally connected with a colorless state as is the photon. In practice [15] this affects only the tail of the distributions in the variable u and one satisfies the psitivity condition on the observable cross-sections after integration.

Both points i,ii) may have interesting applications to the phenomenology of hard forward jets. On the one hand, it is expected to give specific predictions to the leading BFKL prediction for “hard scattering” cross-sections, since these predictions (especially for the small mass component [17]) depend quite strongly on the projectile wave functions in the configuration space. On the other hand, the next-leading and non perturbative corrections to the BFKL prediction could be different for the gluon w.r.t. the photon due to the larger size fluctuations obtained in the former case. This clearly requires further interesting studies.

Acknowledgements We thank Stéphane Munier and Henri Navelet for useful remarks and Stéfan Narison for the nice meeting in Montpellier.

Lev Lipatov (St.Petersburg Nuclear Physics Institute, Russia) :

Do you consider the virtual gluon cross-section in the framework of the k_T -factorization, where the initial particle really is the reggeized gluon?

R. P. :

No, I consider a real gluon jet with large k_T as for instance in the case of Mueller-Navelet jets [10], and thus the ordinary renormalizationgroup factorization at short distance.

REFERENCES

1. J.D.Bjorken, J.Kogut and D.Soper, Phys.Rev.

D3 (1971) 1382.

2. N.N.Nikolaev, B.G.Zakharov, Zeit. für. Phys.

C49 (1991) 607; Phys. Lett. B332 (1994) 184. 3. A.H.Mueller, Nucl. Phys. B415 (1994) 373;

A.H.Mueller and B.Patel, Nucl. Phys. B425 (1994) 471; A.H.Mueller, Nucl. Phys. B437 (1995) 107.

4. H.Navelet, R.Peschanski, Ch.Royon, Phys.

Lett. B366 (1995) 329. H. Navelet, R. Peschanski, Ch. Royon, S. Wallon, Phys. Lett. B385 (1996) 357.

5. S. Catani, M. Ciafaloni, F. Hautmann, Nucl.

Phys. B366 (1991) 135. J. C. Collins, R. K. Ellis, Nucl. Phys. B360 (1991) 3. E. M. Levin, M. G. Ryskin, Yu. M. Shabelskii, A. G. Shuvaev, Sov.J.Nucl. Phys. 53 (1991) 657.

6. L.N. Lipatov, Sov. J. Nucl. Phys. 23 (1976) 642; V.S. Fadin, E.A. Kuraev and L.N. Lipatov, Phys. lett. B60 (1975) 50; E.A.Kuraev, L.N. Lipatov and V.S. Fadin, Sov.Phys.JETP 44 (1976) 45, 45 (1977) 199; I.I. Balitsky and L.N. Lipatov, Sov.J.Nucl.Phys. 28 (1978) 822.

7. S. Munier and R. Peschanski, Nucl. Phys.

B524 (1998) 377.

8. A.Bialas, R.Peschanski, Phys. Lett. B378 302; B387 405 (1996); For a recent review on related approaches, see e.g. A.Hebecker Diffraction in Deep Inelastic Scattering hepph/9905226.

9. A.Bialas, H.Navelet and R.Peschanski, Eur.

Phys. J. C 8 (1999) 643.

10. A.H.Mueller,H.Navelet, Nucl. Phys. B282 (1987) 107.

11. A.H.Mueller, Nucl. Phys. B (Proc. Suppl.)

18C (1991) 125.

12. J. Bartels, A. De Roeck, M. Loewe, Zeit. für.

Phys. C54 (1992) 921; W-K. Tang, Phys. lett. B278 (1992) 635; J. Kwiecinski,A.D. Martin, P.J. Sutton, Phys.Rev. D46 (1992) 921.

13. V. Del Duca, C.R. Schmidt, Nucl. Phys.

Proc.Suppl. 39BC (1995) 137.

14. J. Bartels, V. Del Duca, M. Wüsthoff, Zeit.

für. Phys. C76 (1997) 75. 15. R.Peschanski, to appear.

16. N. Marchal and R. Peschanski, Conformal couplings and azimuthal matching of QCD Pomerons, hep-ph/9905378.

17. S. Munier, R. Peschanski, Ch.Royon, Nucl.

Phys. B534 (1998) 297.