hep-ph/9610450 22 Oct 1996

DESY 96-220 ANL-HEP-PR-96-46 Edinburgh 96/26 October 1996 hep-ph 96?

Azimuthal Dependence of Forward-Jet Production in DIS in the High-Energy Limit

Jochen Bartels^1, Vittorio Del Duca^2 and Mark Wüsthoff^3

1II.Institut für Theoretische Physik, Universität Hamburg, D-22761 Hamburg, Germany 2Dept. of Physics and Astronomy, University of Edinburgh, Edinburgh EH9 3JZ, Scotland, U.K.

3 High Energy Physics Division, Argonne National Laboratory, USA^∗.

Abstract:

As a signal for the BFKL Pomeron in small-x deep inelastic ep scattering, we calculate the azimuthal dependence of the inclusive cross section of forward jets relative to the outgoing electron. For not very large differences in rapidity between the current jet and the forward jet the cross section peaks at π/2. For increasing rapidity BFKL dynamics predicts a decorrelation in the azimuthal dependence between the electron and the forward jet.

� Supported by the U.S. Department of Energy, Contract W-31-109-ENG-38

1 Introduction

Forward jet production in Deep Inelastic Scattering is of great value for testing QCD at large energies where the probability of having multi-gluon emission is strongly increased and the need arises of resumming diagrams to all orders in α_s. The resummation can only be performed to leading log accuracy and is technically done by solving the BFKLequation [1]. The virtuality Q^2 and the jet transverse momentum k^2_t , both of them being larger than 5GeV^2, provide enough hardness in the process to justify the use of perturbative QCD excluding soft contributions. At fixed Q^2 the maximum parton subenergy ŝ is achieved by taking the lowest possible x_{bj} -values and the largest parton or jet energy xp with p being the proton momentum.

In hadron-hadron collisions, kinematic configurations of this kind may be realized by selecting two-jet events at large rapidity intervals η ≃ ln(ŝ/Q^2), the so-called Mueller- Navelet jets [2]. The main contribution at the parton level comes from gluon exchange in the crossed channel. Then the BFKL theory dresses the exchanged gluon with the multiple emission of gluons, that uniformly fill the rapidity interval between the two extreme jets, and resums the leading powers in η, including both real and virtual corrections. The signature of the BFKL dynamics in this context is an exponential rise in η of the inclusive two-jet cross section. However, since ŝ = x_1x_2s, with x_1 and x_2 the momentum fractions of the incoming partons, the rapidity interval may be increased by keeping x_1 and x_2 fixed and by raising s, which may be fulfilled only at a variable-energy collider, or by increasing x_1 and x_2 at a fixed-energy collider. The second option, though, introduces a damping in the cross section, due to the falling parton luminosity as x → 1, which conceals the dynamic rise of the partonic cross section, induced by the BFKL ladder [3].

In the case of ep colliders [4], [5], [6] the evolution parameter η of the BFKL ladder is η = ln(ŝ_/Q^2) = ln(x/x_{bj} ), with x the momentum fraction of the parton initiating the hard scattering. Since a fixed-energy ep collider is a variable-energy collider in the photon-proton frame, it is possible to increase η by decreasing x_{bj} while keeping x fixed, thus avoiding the kinematical limitations noticed in the hadron colliders. The lowestorder process featuring gluon exchange in the crossed channel is three-parton production at O(α^2α^2_s ). The exchanged gluon is then dressed with a BFKL ladder (Fig.1). In sect. 2 we reproduce the cross section for inclusive forward-jet production. As detailed in the next paragraph, we work out the cross section in the lab frame, however our result coincides with the one in the photon-proton frame [5]^†, since the forward-jet production rate is invariant under boosts between the two frames in the high-energy limit.

Another signature of the BFKL dynamics in Mueller-Navelet jet production in hadronhadron collisions is the correlation in the azimuthal angle ϕ between the two tagging jets. The correlation has a maximum at ϕ = π and is expected to decrease as η grows, because of the multiple gluon emission between the tagging jets induced by the BFKL ladder [3, 8]. The analogous process in DIS is the correlation in ϕ between the electron and the forward jet. Transverse-momentum and azimuthal-angle distributions in DIS have been considered previously in the parton model [9], [10] and in perturbative QCD at O(α_s) [11], [12]. In the parton model process e + q → e + q, i.e. at x = x_{bj} , the simple two-body kinematics constrain the jet and the electron to be produced back-to-back,

y The relevant theoretical formulae may also be obtained by taking the massless limit of heavy-flavor production in DIS [7]

Figure 1: Forward-jet production in DIS.

thus at the parton level it is ϕ = π, with a smearing induced by the hadronic corrections [9], [10]. For the O(α_s) corrections to the parton-model jet production, e + g → e + qq̄ or e + q → e + q + g, the distribution in Φ in the photon-proton frame has been considered, with Φ the azimuthal angle between the jet and the incoming lepton. It has the functional form, dσ dΦ ∼ A + B cos Φ + C cos(2Φ) . (1) The Φ-dependence arises from interference of the photon helicity states 0, +, − (longitudinal and transverse polarization). The term B cos Φ results from the mixing of longitudinal and transverse polarization and C cos(2Φ) occurs when the helicities ± interfere [11]. In the simple photon-gluon diagram C turns out to be positive [11], [12].

In this paper, we consider the O(α^2_s ) corrections to forward-jet production, e + g → e+qq̄+g (Fig.1) or e+q → qq̄+q as a function of the evolution parameter, η = ln(x/x_{bj} ), of the BFKL ladder, and compute the distribution in ϕ in the lab frame, with ϕ the azimuthal angle between the electron and the forward jet. We find a correlation in ϕ of the form dσ dϕ ∼ A^′ + C^′ cos(2ϕ) , (2) with C^′ being negative, now. Compared to the parton-model analysis of DIS with O(α_s) corrections one finds a maximum at ϕ = π/2 rather than a minimum. The effect of the BFKL ladder is then as usual to flatten the ϕ distribution. The cos(ϕ)-term completely drops out due to antisymmetry in the polar angle distribution (θ → π − θ) of the quarkantiquark pair at the top of the diagram. At O(α^2_s ) these quarks are predominantly produced backwards, i.e they are not tagged as forward jet. After integration over their total phase space the antisymmetric contributions cancel out.

2 Forward-jet production

We work in the electron-proton lab frame and consider the lowest-order process featuring gluon exchange in the crossed channel. In order to achieve that, we must couple the virtual photon to the off-shell gluon via a quark box. Since we want to examine jet production near the proton fragmentation region, we couple then the off-shell gluon to a parton coming from the proton. The lowest-order diagrams with these features are the three-parton production one at O(α^2α^2_s ), pictured in fig.1, and the one obtained from this by crossing the quark legs. All the other diagrams at the same order in α_s are subleading in the high-energy limit.

We label p_e and p_e0 the momenta of the incoming and outgoing electrons, p and k the momenta of the incoming parton and the parton in the forward direction, p_q and p_{q̄} the momenta of the quarks produced in the photon-gluon fusion, respectively. The jet-production rate may be then written in the high-energy limit as dσ = ∫ dx f_{ef f} (x, μ)dσ̂ , (3) with the effective parton density, f_{ef f} (x, μ), given by [13] f_{ef f} (x, μ) = G(x, μ) + 4 9 ∑ f [ Q_f (x, μ) + Q̄_f (x, μ) ] , (4)

with the sum over the quark flavors of the incoming parton. μ denotes the factorization scale. The partonic cross section, dσ̂, is dσ̂ = (2π)^4δ^4(p_e0 + p_q + p_{q̄} + k − p_e − p) 2xs dΠ_k dΠ_{pe}0dΠ_{pq} dΠ_{pq̄} |M|^2 , (5)

with s the squared electron-proton center-of-mass energy, and with the phase space given in terms of rapidity η and transverse momentum k_⊥ by,

dΠ = dηd^2k_⊥ 16π^3

. (6)

We introduce light-cone, or Sudakov, variables, with light-cone directions taken to be the ones of the proton and the electron, which we call + and − respectively. In the high-energy limit, for which the momenta p^+_e0, p^+_q and p^+_{q̄} are negligible with respect to the one of the forward jet, k^+, the momentum conservation, δ( ∑ p^+), fixes x in eq.(3), x = k_⊥e^{ηk} 2E_P , (7)

with E_P the proton energy and η_k the jet rapidity. With obvious modifications of the DIS standard conventions we may write the square of the invariant amplitude, integrated over the phase space of the outgoing quarks produced in the photon-gluon fusion, as ∫ dΠ_{pq} dΠ_{pq̄} |M|^2δ( ∑ p^−)δ^2( ∑ p_⊥) = e^4 Q^4 L_{μν} W_{μν} ∑ q e^2_q , (8) with L_{μν} and W_{μν} the tensors which describe the leptonic and hadronic structure respectively, and include the average (sum) over the initial-state (final-state) spin and color degrees of freedom. On the right-hand side we have singled the sum over the flavors of the final-state quarks out of W_{μν} . The leptonic tensor has the form, L_{μν} = 2(p^μ_e p^ν_e0 + p^μ_e0p^ν_e − g_{μν} p_e · p_e0) , (9) where the contribution of the Z-boson exchange has been neglected. The hadronic tensor W_{μν} depends on the momenta of the proton P , the virtual-photon q and the jet k. Thus for an unpolarized cross section it may be expressed in terms of four structure functions [10]. We have found convenient, though, just to determine the contractions W_{μν} g^{μν} and W_{μν} p^μ_e p^ν_e0, with W_{μν} p^μ_e p^ν_e0 = W_{μν} p^μ_e p^ν_e because of gauge invariance. For the gluon coupling to the gluon exchanged in the crossed channel (fig.1), we use the high-energy limit, i.e. we retain only the helicity-conserving term [1]. This entails that the component v^− of the gluon exchanged in the crossed channel is neglected with respect to p^−_q and p^−_{q̄} . The calculation is long and tedious, and follows the lines of the ones performed in ref. [5], [6] and [7]. We obtain the forward-jet production cross section, dσ dη_k dk^2_⊥dη_edq^2_⊥dϕ = xf_{ef f} (x, μ) dσ̂ dk^2_⊥ dη_edq^2_⊥dϕ , (10) with η_e the electron rapidity, q_⊥ = −p_{e⊥}, ϕ the azimuthal angle between the jet and the electron, x fixed by eq.(7), and f_{ef f} taken from eq.(4). Introducing the electron energy loss y, satisfying the relation q^2_⊥ = (1 − y)Q^2, eq.(10) reads: dσ dxdk^2_⊥dydQ^2dϕ = f_{ef f} (x, μ) dσ̂ dk^2_⊥dydQ^2dϕ . (11)

The partonic cross section in eq.(11) is dσ̂ dk^2_⊥dydQ^2dϕ = N_cα^2α^2_s

2π^2 ∑ q e^2_q 1 y(Q^2k^2_⊥)^2

F(k^2_⊥, Q^2, ϕ, y) , (12) with N_c = 3 the number of colors. The impact factor for the final-state quarks, F(k^2_⊥, Q^2, ϕ, y), is F(k^2_⊥, Q^2, ϕ, y) = k^2_⊥Q^2

∫_1 0 dα ∫_1 0 dz [ α(1 − α)Q^2 + z(1 − z)k^2_⊥ ]_{−1}

× {[ 1 2 − α(1 − α) − z(1 − z) + 2α(1 − α)z(1 − z) ] y^2 (13) + [1 − 2z(1 − z) − 2α(1 − α) + 12α(1 − α)z(1 − z)] (1 − y) − 4α(1 − α)z(1 − z)(1 − y) cos(2ϕ)} .

The BFKL ladder we wish to insert on the gluon exchanged in the crossed channel is [1], f(k_⊥, v_⊥, ϕ, ϕ̃, η) = 1 (2π)^2 1 (k^2_⊥v^2_⊥)^{1/2} ∞∑ n=−∞ e^{in(ϕ̃−ϕ)} ∫_∞ −∞ dν e^{ω(ν,n)η} e^{iν ln(v2}?^{/k2}?^) , (14)

with v_⊥ the transverse momentum of the off-shell gluon coupling to the quark box (Fig.1), ϕ̃ the azimuthal angle between v_⊥ and p_{e⊥}, η = ln(x/x_{bj} ) and ω(ν, n) = −2 α_sN_c π Re [ ψ ( |n| + 1 2 + iν ) − ψ(1) ] , (15)

with ψ the logarithmic derivative of the Γ function. The corrections of the BFKL ladder to the partonic cross section (12) are then given by the formula, dσ̂ dk^2_⊥dydQ^2dϕ = N_cα^2α^2_s

π^2 ∑ q e^2_q 1 y(Q^2)^2k^2_⊥ ∫ d^2v_⊥ v^2_⊥ f(v^2_⊥, k^2_⊥, ϕ, ϕ̃, η)F(v^2_⊥, Q^2, ϕ̃, y) . (16) In the α_sη → 0 limit, the BFKL ladder reduces to the gluon propagator exchanged in the crossed channel, lim αsη→0 f(k ⊥, v_⊥, ϕ̃, η) = 1 2 δ^2(k_⊥ − v_⊥) , (17) and accordingly eq.(16) reduces to eq.(12). We term eq.(17) the Born approximation to the BFKL ladder. We substitute eq.(13) and (14) into eq.(16), make the measure d^2v_⊥ explicit as d^2v_⊥ = dϕ̃dv^2_⊥/2, and perform the integral over ϕ̃, which singles out the components n = 0, 2 of the eigenvalue (15) in the BFKL ladder (14). We can perform the integral over α, z and v^2_⊥, by using the formula

∫_1 0 dα[α(1 − α)]^{tα} ∫_1 0 dz[z(1 − z)]^{tz} ∫_∞ 0 dv^2_⊥ (v^2_⊥)^{−1/2+iν} α(1 − α)Q^2 + z(1 − z)v^2_⊥

= (18)

(Q^2)^{−1/2+iν} π cosh(πν) B ( 1 2 + t_α + iν, 1 2 + t_α + iν ) B ( 1 2 + t_z − iν, 1 2 + t_z − iν ) , with t_α = 0, 1 and t_z = 0, 1, and with B the Euler beta function. Performing then a bit of algebra, the partonic cross section eq.(16) becomes, dσ̂ dk^2_⊥dydQ^2dϕ = N_cα^2α^2_s 8π ∑ q e^2_q 1 (Q^2k^2_⊥)^{3/2}y ∫_∞ 0 dν cos ( ν ln

Q^2 k^2_⊥ ) sinh(πν) cosh^2(πν) 1 ν(1 + ν^2)

(19) × ( e^{ω(ν,0)η} [( 3ν^2 + 11 4 ) (1 − y) + ( ν^2 + 9 4 ) y^2 2 ] − e^{ω(ν,2)η} cos(2ϕ) ( ν^2 + 1 4 ) (1 − y) ) . Substituting eq.(19) into eq.(11), we obtain the forward-jet production rate, with the higher-order corrections of the BFKL ladder.

Integrating over ϕ, the forward-jet production rate reduces to the one given in ref.[5]. In that context it was derived in the photon-proton frame, however in the high-energy limit the forward-jet production rate is invariant under boosts between the electronproton and the photon-proton frames, i.e. in the notation of eq.(1) Φ = ϕ.

Assuming k^2_⊥ to be of the order Q^2 and η to be very large the integration in eq.(19) can be performed approximately by means of the saddle point method. After expanding ω(ν, 0) around ν = 0 one finds dσ̂ dk^2_⊥ ∼ 1 (k^2_⊥)^{3/2} exp ( 4 ln 2 N_cα_s π η ) exp ( − ln^2(k^2_⊥/Q^2) 4Bη ) with B = 14ζ(3) N_cα_s π , (20) where ζ denotes the Riemann-ζ function. Eq.(20) is regular as k_⊥ → 0, however the approximation becomes invalid then. The limit k_⊥ → 0 is of interest for the total, integrated cross section which is dominated by small k_⊥. Assuming log(Q^2/k^2_⊥ ) → ∞ the saddle point of eq.(19) is shifted towards the pole of ω(ν, 0) at ν = −i/2. This pole corresponds to the collinear emission of gluons, i.e. we pick up all collinear singularities of the gluon ladder. The gluon structure function according to its definition includes all collinear singularities, so that after integration over the jet momentum eq.(19) coincides at least in a formal sense with the inclusive small x_{bj} cross section.

Returning to the distribution in ϕ of eq.(19) we recognize that it is periodic in π and has a maximum at ϕ = π/2. The electron-jet correlation in ϕ, though, quickly dies out as η = ln(x/x_{bj} ) increases. Indeed, the main contribution to the integral over ν in eq.(19) comes from the ν ≃ 0 region, and from eq.(15) we see that ω(ν = 0, n = 0) = 4 ln 2(α_sN_c/π) while ω(ν = 0, n = 2) = 4(ln 2 − 1)(α_sN_c/π), thus the uncorrelated term in eq.(19) is enhanced while the correlated one is upset as η increases.

For a small η = ln(x/x_{bj} ) the zeroth order parton configuration is relevant, and the usual correlation at ϕ = π, between the electron and the current-jet is obtained. As η grows the jet production is increasingly dominated by diagrams with two- and later on with three-final state partons and with gluon exchange in the crossed channel. The three parton final state has the functional form of eqs.(2) or (12). The higher-order corrections to them induced by the BFKL ladder, eq.(19), dampen then the correlation in ϕ. What said above does not suffice, though, to explain the correlation at ϕ = π/2. In order to see that and the transition from the correlation at ϕ = π to the one at ϕ = π/2, it is necessary to compare the asymptotic calculation of eq.(12) with the exact calculation at O(α^2_s ) [14].

Finally, we note that because of the relation between the DIS cross section and the structure functions F_{1(2)}, dσ dydQ^2 = 4πα^2 yQ^4 [ (1 − y)F_2(x_{bj} , Q^2) + x_{bj} y^2F_1(x_{bj} , Q^2) ] , (21)

with F_1 and F_2 related to the transverse and longitudinal polarizations of the virtualphoton total cross section by,

F_1(x_{bj} , Q^2) =

Q^2 8π^2αx_{bj} σ_T (γ^∗P ) , (22)

F_2(x_{bj} , Q^2) =

Q^2 4π^2α

(σ_T (γ^∗P ) + σ_L(γ^∗P )) ,

in the high-energy limit all the information about the correlation in ϕ is effectively contained in the expression for the longitudinal polarization of the virtual photon although it originates from the interference of the transverse helicities. Indeed, comparing the differential of eq.(21) in ϕ to eq.(11), with the partonic cross section given by eq.(12) or (19), we see that dF_2/dϕ depends on ϕ, while dF_1/dϕ does not.

Acknowledgements

VDD wishes to thank Stefano Catani for useful discussions.

References

[1] L.N. Lipatov, Yad. Fiz. 23, 642 (1976) [Sov. J. Nucl. Phys. 23, 338 (1976)];

E.A. Kuraev, L.N. Lipatov and V.S. Fadin, Zh. Eksp. Teor. Fiz. 71, 840 (1976) [Sov. Phys. JETP 44, 443 (1976)]; 72, 377 (1977) [45, 199 (1977)]; Ya.Ya. Balitsky and L.N. Lipatov, Yad. Fiz. 28 1597 (1978) [Sov. J. Nucl. Phys. 28, 822 (1978)].

[2] A.H. Mueller and H. Navelet, Nucl. Phys. B282, 727 (1987).

[3] V. Del Duca and C.R. Schmidt, Phys. Rev. D 49, 4510 (1994); Phys. Rev. D 51, 2150 (1995); Nucl.Phys. B (Proc.Suppl.) 39C, 137 (1995); W.J. Stirling, Nucl. Phys. B423, 56 (1994).

[4] A.H. Mueller, Nucl. Phys. B (Proc.Suppl.) 18C, 125 (1991).

[5] J. Bartels, A. De Roeck and M. Loewe, Z. Phys. C54, 635 (1992).

[6] W.-K. Tang, Phys. Lett. 278B, 363 (1991);

J. Kwiecinski, A.D. Martin and P.J. Sutton, Phys. Rev. D46, 921 (1992).

[7] S. Catani, M. Ciafaloni and F. Hautmann, Nucl. Phys. B366, 135 (1991); S. Catani, Proc. of the XXVII^{th} Rencontres de Moriond on “Perturbative QCD and Hadronic Interactions”, ed. J. Tran Than Van, Editions Frontieres, France 1992.

[8] The D0 Collaboration (S.Abachi et al.), Phys. Rev. Lett. 77, 598 (1996).

[9] T.P. Cheng and A. Zee, Phys. Rev. D6, 885 (1972);

R.L. Kingsley, Phys. Rev. D10, 1580 (1974).

[10] F. Ravndal, Phys. Lett. 43B, 301 (1973).

[11] H. Georgi and H.D Politzer, Phys. Rev. Lett. 40, 3 (1978); H. Georgi and J. Sheiman, Phys. Rev. D20, 111 (1979).

[12] G. Altarelli and G. Martinelli, Phys. Lett. 76B, 89 (1978);

B. Kopp, R. Maciejko and P.M. Zerwas, Nucl. Phys. B144, 123 (1978); A. Mendez, Nucl. Phys. B145, 199 (1978); A. Mendez, A. Raychaudhuri and V.J. Stenger, Nucl. Phys. B148, 499 (1979); A. Mendez and T. Weiler, Phys. Lett. 83B, 221 (1979);

R.D. Peccei and R. Ruckl, Phys. Rev. D20, 1235 (1979); Nucl. Phys. B162, 125 (1980);

K. Hagiwara, K. Hikasa and N. Kai, Phys. Rev. D27, 84 (1983); J.G. Korner, E. Mirkes and G.A. Schuler, Int. J. Mod. Phys. A4, 1781 (1989); R. Meng, F.I. Olness and D.E. Soper, Nucl. Phys. B371, 79 (1992).

[13] B.L. Combridge and C.J. Maxwell, Nucl. Phys. B239, 429 (1984).

[14] J. Bartels, V.Del Duca, D. Graudenz and M. Wüsthoff, preprint, DESY-96-39;

CERN-TH/96-83; ANL-HEP-PR-96-23; Edinburgh-96-02.