Diffractive Heavy Flavour Production at HERA

L.R.West School of Physics and Astronomy, The University of Birmingham, Edgbaston, Birmingham, B15 2TT, United Kingdom. (April 23, 1998)

Diffractive heavy flavour production has been studied at HERA via the observation of either D�, J/ψ or ψ(2S) mesons for charm production and the observation of Υ mesons for beauty production. Measurements have been made in both photo-production and electro-production and when the proton remains intact or breaks up. These results are then used to test models which describe diffractive heavy flavour production in perturbative QCD.

I. INTRODUCTION

Charm and beauty are produced in positron-proton collisions at HERA predominantly as a cc̄ or bb̄ pair in the current system. The relevant process for this paper is

e(k) + p(P ) → e(k^′) + X(x) + Y (P^′) (1)

where X is either a small mass system or a vector meson and Y is the final state of the proton. In diffractive interactions there is no colour transfer between system X and system Y . The kinematics are described by the variables Q^2 = −q^2 = −(k − k^′)^2 , t = (q − x)^2 = (P − P^′)^2 , W^2_{γp} = (q + P )^2 and z = P · x/P · q. The reaction can be either elastic, where Y remains a proton and the elasticity z ≈ 1, or proton dissociative where the proton breaks up into a low mass state and z is close to 1. Measurements are made for both photo-production and electro-production where Q^2 ∼ 0 and Q > 1 GeV^2 respectively.

The results presented are based upon data recorded by the H1 [1] and ZEUS [2] detectors between 1994 and 1997 when positrons with energy 27.5 GeV and protons of energy 820 GeV were collided head-on in HERA. These results are then used to test a Regge based model of Donnachie-Landshoff [3,4] and a number of models which describe diffractive heavy flavour production in perturbative QCD [5–11].

II. ELECTRO-PRODUCTION OF D�

D^∗ mesons are identified via the decay D^{∗±} → D^0π^±_{slow} → K^∓π^±π^±_{slow} by both H1 [12] and ZEUS [13]. The transverse momentum, p_t, of the D^∗ is required to be larger than 1.0 GeV and to restrict the events to electroproduction Q^2 > 10 GeV^2. A diffractive signal from the H1 (ZEUS) data is observed by requiring |η_D� | < 1.25 (1.5), M_Y < 1.6 (4.0) GeV and x_{IP} < 0.05 (η_{max} < 2.0) where x_{IP} = (Q^2 + M^2_X )/(Q^2 + W^2_{γp}), η_D� is the pseudorapidity of the D^∗ and η_{max} is the pseudorapidity of the forward most energy cluster in the calorimeter. Figures 1(a) and 1(b) show the ΔM distribution, where ΔM = M (K^−π^+π^+_{slow} ) − M (K^−π^+ ), from the H1 1994 data and the ZEUS 1995 data respectively. Using fits to these distributions 12 ± 4 events are observed by H1 and 19 ± 5 events are observed by ZEUS which correspond to cross-sections of 380 ±^{150}_{120} ±^{140}_{110} pb and 875 ± 248 ±^{395}_{199} pb respectively. The two cross-sections cannot be directly compared because the kinematic ranges of the measurements are different. If the η_{max} cut is removed from the ZEUS analysis 20 ± 10% of the observed signal is found to be diffractive.

A prediction of the diffractive D^∗ production cross-section is done using the RAPGAP Monte Carlo [14] program which uses, for the pomeron structure function, a QCD analysis of F^{D(3)}_2 [15]. The prediction, for the H1 kinematic range, is found to be approximately 200 pb, which is consistent with the H1 measurement.

III. PHOTO-PRODUCTION OF ELASTIC J/ψ

Elastic J/ψ photo-production has been studied by both H1 [16,17] and ZEUS [18] using the decay channel J/ψ → l^+ l^− where l is either an electron or muon. Measurements of the photon-proton cross-section have been made by H1 (ZEUS) over the range 30(40) < W_{γp} < 260(140) GeV.

These measurements can be used to test the Regge based model of Donnachie-Landshoff [3,4] which predicts shrinkage (i.e. the slope of the exponential dependence increases with increasing W_{γp}), s-channel helicity conservation and the energy dependence of the cross-section to be σ_{γp} ∝ W^δ_{γp} where δ = 0.22.

For small values of |t|, the cross-section is found to have an exponential t dependence and a fit to σ ∝ exp −b|t| gives a value of b = 4.6±0.4±^{0.4}_{0.6} GeV^{−2} from the ZEUS data and in the range 30 < W_{γp} < 150 GeV, b = 4.1±0.2±0.2GeV^{−2} from the H1 data. To look for evidence of shrinkage, the slope of the exponential dependence is measured at different values of W_{γp}. This can be seen from figure 3(a) where the average p^2_t is plotted (for p^2_t < 1 GeV^2) instead of b such that results [19] for lower W_{γp} can also be compared. The data is consistent with both the prediction of the Donnachie-Landshoff model with shrinkage and a flat W_{γp} dependence. Hence the HERA measurements alone cannot yet make a strong statement on the evidence of shrinkage.

The J/ψ decay angular distributions measured by both H1 and ZEUS are found to be consistent with s-channel helicity conservation (not shown).

The energy dependence of the photon-proton cross-section is shown in figure 2(a) and when fitted to σ_{γp} ∝ W^δ_{γp} gives a value of δ = 0.77 ± 0.13(0.92 ± 0.14 ± 0.10) from the H1 (ZEUS) measurements. The prediction of the Donnachie-Landshoff model fails to describe the steep energy dependence which is observed in the data.

Attempts to describe elastic J/ψ production in perturbative QCD (pQCD) use the exchange of a gluon ladder in the leading log approximation [5,6]. The cross-section in this model (in leading order) is proportional to the square of the gluon density of the proton. Hence, in figure 3(b) the cross-section is expressed in terms of x̄ · g(x̄) and plotted as a function of x̄ = (Q^2 + m^2_{J/ψ} − t)/W^2_{γp}. However, only the shape of the predictions are reliable as the higher order corrections and non-perturbative effects have not been taken into account when calculating the curves. The pQCD model gives good agreement with the data when the gluon density parameterisations of MRS(A^′), CTEQ and GRV, which have a strong rise of the gluon density with decreasing values of x̄, are used.

IV. ELECTRO-PRODUCTION OF ELASTIC J/ψ

Elastic production of J/ψ in electro-production has been measured by both H1 [20,21] and ZEUS [22]. The W_{γp} dependence of the photon-proton cross-section is measured for Q^2 = 3.7 and 16 GeV^2 and can be seen in figure 2(a). The measured δ for these two Q^2 values are found to be consistent with that measured in photo-production.

The dependence of the cross-section on Q^2 has also been measured and can be seen in figure 2(b). A fit of the form (Q^2 + m^2_{J/ψ} )^{−n} to the HERA data gives a value of n = 2.1 ± 0.3 which is consistent with previous measurements for other vector mesons [20,22]. A pQCD model [7], which is an extension of the pQCD model of [5,6], is found to give good agreement with the data.

V. PHOTO-PRODUCTION OF J/ψ WITH PROTON DISSOCIATION

J/ψ production has been studied in photo-production when the proton dissociates [16,17] in the kinematic range of 30 < W_{γp} < 150 GeV. For small |t|, an exponential t dependence with b = 1.6 ± 0.3 ± 0.1 GeV^{−2} and a steep energy dependence, similar to elastic production, is observed.

These results have been extended to larger values of |t| [23] for the same kinematic region of W_{γp}. For |t| > 1 GeV^2 the cross-section for J/ψ photo-production with proton dissociation has been measured to be 4.1 ± 0.3 ± 0.6 nb using the H1 1994 and 1995 data. The differential cross-sections dσ_{ep}/dp^2_t and dσ_{ep}/dW_{γp} have also been determined and are shown in figures 4(a) and 4(b) respectively. At larger values of |t| (which to a good approximation is p^2_t ), the data is seen to deviate from the exponential dependence at low |t| (dashed line of figure 4(a)) and become flatter.

For large |t|, predictions from a perturbative QCD model [8,9] using the BFKL evolution equations [24,25] are compared to the data. This model can predict the cross-section and the W_{γp} and t dependence. The only uncertainty in this model is what value should be used for the strong coupling constant, α_s. This is assumed to be a constant and hence is denoted as α_s. Using the measured cross-section, the preferred value of α_s for the pQCD model is found to be α_s = 0.207 ± 0.007 and using this value the pQCD model is found to give good agreement with the data in both the t and W_{γp} dependences.

VI. PHOTO-PRODUCTION OF QUASI-ELASTIC ψ(2S)

The photo-production of ψ(2S) has been observed using the 1994 and 1995 H1 data [26] via the decays ψ(2S) → l^+ l^−π^+ π^− and ψ(2S) → l^+ l^− where l is either an electron or a muon. Mass distributions of the signals can be seen in figures 5(a) to 5(d). The quasi-elastic cross-section, defined as z > 0.95, for an average W_{γp} of 80 GeV has been determined to be σ(γp → ψ(2S)Y ) = 17.9 ± 2.8 ± 2.7 ± 1.4 nb where the last error is due to the uncertainty in the branching ratios of the ψ(2S) decays.

The quasi-elastic ψ(2S) cross-section is compared to the quasi-elastic J/ψ cross-section to give a ratio of σ(γp → ψ(2S)Y )/σ(γp → J/ψY ) = 0.150 ± 0.027 ± 0.018 ± 0.011 where again the last error is due to the uncertainty in the branching ratios. In figure 5(e) the H1 ratio result, and results from previous fixed target experiments [27–31] are plotted as a function of W_{γp} and are found to be consistent with each other. A prediction of this cross-section ratio has been determined using pQCD [10,11] to be 0.17 at W_{γp} = 80 GeV which is consistent with the H1 measurement.

VII. PHOTO-PRODUCTION OF QUASI-ELASTIC Υ

First evidence for Υ in photo-production has been observed in the ZEUS 1995 to 1997 data. Figure 6 shows the signal of 20 events from the decay Υ → μ^+ μ^− in the kinematic range 80 < W_{γp} < 280 GeV. The quasi-elastic crosssection, defined as M_Y < 4 GeV, is determined to be σ(γp → ΥY ) = 0.9 ± 0.3 ± 0.3 nb where the branching ratio of Br(Υ → μ^+ μ^−) = 2.48% has been used.

VIII. CONCLUSIONS

Diffractive heavy flavour production has been observed via the production of D^∗, J/ψ, ψ(2S) and Υ at HERA. Measurements have been made for both photo-production and electro-production and for when the proton remains intact or breaks up. Predictions from models of diffractive exchange using pQCD are found to give good agreement with the HERA measurements.

[1] I. Abt et al., H1 Collaboration, Nucl. Inst. Meth. A386 (1997) 310. [2] The ZEUS Detector, Status Report, DESY (1993). [3] A. Donnachie and P.V. Landshoff, Phys. Lett. B296 (1992) 227. [4] A. Donnachie and P.V. Landshoff, Phys. Lett. B348 (1995) 213. [5] M.G. Ryskin, Z. Phys. C57 (1993) 89.

[6] M.G. Ryskin, R.G. Roberts, A.D. Martin and E.M. Levin, Z. Phys. C76 (1997) 231-239. [7] L. Frankfurt, W. Koepf and M. Strikman, Phys. Rev. D57 (1998) 512-526. [8] J.R. Forshaw and M.G. Ryskin, Z. Phys. C68 (1995) 137.

[9] J. Bartels, J.R. Forshaw, H. Lotter and M. Wüsthoff, Phys. Lett. B375 (1996) 301. [10] B.Z. Kopeliovich and B.G. Zakharov, Phys. Rev. D44 (1991) 3466.

[11] B.Z. Kopeliovich, J. Nemchik, N.N. Nikolaev and G.G. Zakharov, Phys. Lett. B309 (1993) 179. [12] H1 Collaboration, Paper pa02-060, submitted to the 28th International Conference on High Energy Physics, Warsaw, Poland, July 1996.

[13] ZEUS Collaboration, Abstract 645, submitted to the 29th International Conference on High Energy Physics, Jerusalem, Israel, August 1997.

[14] H. Jung, Comp. Phys. Comm. 86 (1995) 147. [15] C. Adloff et al., H1 Collaboration, Z. Phys. C76 (1997) 613. [16] S. Aid et al., H1 Collaboration, Nucl. Phys. B472 (1996) 3.

[17] H1 Collaboration, Paper pa02-085, submitted to the 28th International Conference on High Energy Physics, Warsaw, Poland, July 1996.

[18] J. Breitweg et al., ZEUS Collaboration, Z. Phys. C75 (1997) 215. [19] References for the fixed target data can be found in [18]. [20] S. Aid et al., H1 Collaboration, Nucl. Phys. B468 (1996) 3.

[21] H1 Collaboration, Abstract 242, submitted to the 29th International Conference on High Energy Physics, Jerusalem, Israel, August 1997.

[22] ZEUS Collaboration, Abstract 639, submitted to the 29th International Conference on High Energy Physics, Jerusalem, Israel, August 1997.

[23] H1 Collaboration, Abstract 274, submitted to the 29th International Conference on High Energy Physics, Jerusalem, Israel, August 1997.

[24] V.S. Fadin, E.A. Kuraev and L.N. Lipatov, Sov. Phys. JETP 45 (1977) 199, Y.Y. Balĭtski and L.N. Lipatov, Sov. J. Nucl.

Phys. 28 (1978) 822.

[25] L.N. Lipatov, Sov. Phys. JETP 63 (1986) 904.

[26] C. Adloff et al., H1 Collaboration, DESY 97-228, submitted to Phys. Lett. B. [27] U. Camerini et al., Phys. Rev. Lett. 35 (1975) 483. [28] R. Barate et al., NA14 Collaboration, Z. Phys. C33 (1987) 505. [29] M. Binkley et al., E401 Collaboration, Phys. Rev. Lett. 50 (1983) 302. [30] J.J. Aubert et al., EMC Collaboration, Nucl. Phys. B213 (1983) 1. [31] P. Amaudraz et al., NMC Collaboration, Nucl. Phys. B371 (1992) 553.

(a) (b)

FIG. 1. Signals for D� production in electro-production in the distribution of ΔM = M(K�π^+π^+_{slow}) − M(K�π^+) from (a) the H1 1994 data and (b) the ZEUS 1995 data. Both plots show fitted curves using the form a(ΔM − M_π+)^b + Gaussian.

(a) (b)

FIG. 2. The photo-proton cross-section measurements for elastic J/ψ production as a function of (a) Wγp where curves of the form σ ∼ W^{0.9}_{γp} are also shown and (b) Q^2 + M^2_{J/ψ} where a fit to the data and the predictions of [7] are also shown.

(a) (b)

FIG. 3. For photo-production of elastic J/ψ, the plots show (a) the average p^2_t , for p^2_t < 1 GeV^2, as a function of Wγp compared to prediction of the Donnachie-Landshoff model with shrinkage and a flat Wγp dependence and (b) the cross-section measurements of figure 2(a) converted to x̄ · g(x̄) using the leading-order equation of [6] as a function of x̄. Comparisons to different gluon densities are also shown.

(a) (b)

FIG. 4. The differential electron-proton cross-section measurements for J/ψ production with proton-dissociation as a function of (a) p^2_t where the dashed line is the expectation from a single exponential fitted to the low |t| data and the solid line is the prediction from a pQCD model using BFKL formalism [8,9] and (b) Wγp where the measurements are for |t| > 1 GeV^2 and the curves are predictions from the pQCD model using three different values of αs.

(a)

(c)

(b)

(d)

(e)

FIG. 5. Mass distributions for ψ(2S) quasi-elastic photo-production using the decay (a,b,c) ψ(2S) → l^+l�π^+π� and (d) ψ(2S) → l^+l� here l = e, μ and ΔM = M(l^+l�π^+π�)−M(l^+l�). Also shown is (e) the ratio of the J/ψ and ψ(2S) cross-section measurements as a function of Wγp compared with results from earlier fixed target experiments.

FIG. 6. Mass distribution of di-muon pairs in the 1995-1997 ZEUS data which shows first evidence for Υ production.