Tests of the Standard Model in jet production at HERA

J Terrón^a representing the H1 and ZEUS Collaborations

a Departamento de Física Teórica, Universidad Autónoma de Madrid, Cantoblanco, 28049 Madrid, Spain E-mail: terron@mail.desy.de

Abstract Measurements of the differential cross sections for inclusive jet production in neutral-current (NC) deep inelastic e^+p scattering (DIS) at high Q^2 (where Q^2 is the virtuality of the exchanged boson) show no significant deviation from Standard Model expectations up to the highest jet transverse energies studied, E^{jet}_T ∼ 85 GeV. First measurements of three-jet production in NC DIS have been made in a wide range of Q^2. The measured topological distributions for three-jet production are in agreement with the pattern of parton radiation in QCD.

Inclusive jet measurements. At high Q^2 and high values of the Bjorken-x variable (x_{Bj} ), both the H1 and ZEUS collaborations reported [1] an excess of events from NC e^+p interactions with respect to the expectations of the Standard Model (SM). These observations have prompted considerable discussion in the particle physics community as possible evidence for anomalies in the parton momentum distributions of the proton or of physics beyond the SM.

New particles or resonances that decay into e^+ + jet(s) would lead to deviations in the differential cross sections for inclusive jet production in NC DIS with respect to the expectations of the SM. A narrow resonance in e^+-jet would show up as a Jacobean peak in the differential cross section as a function of E^{jet}_T in the laboratory frame. In NC DIS at high Q^2 the most probable final state in the SM consists of a single jet balancing the positron’s transverse momentum, E^{jet}_T ∼ Q. A resonance decaying into e^+ plus several jets would populate the region E^{jet}_T ≪ Q, where multijet production in the SM is suppressed by higher powers of the strong coupling constant (α_s).

Measurements of the inclusive differential jet cross section as a function of E^{jet}_T in NC DIS at high Q^2 are reported here. The data sample used in this analysis [2] was collected with the ZEUS detector at the ep collider HERA and corresponds to an integrated luminosity of 43 pb^{−1}. During 1995-1997 HERA operated with positrons of energy

E_e = 27.5 GeV colliding with protons of energy E_p = 820 GeV. Events from NC DIS interactions are selected by requiring an isolated positron with energy in excess of 10 GeV. The event sample is restricted to the kinematic range Q^2 > 125 GeV^2 . Jets are searched for in the pseudorapidity‡ (η) - azimuth (φ) plane of the laboratory frame using the longitudinally invariant k_T -cluster algorithm in the inclusive mode [3]. The axis of the jet is defined according to the Snowmass convention [4], where η^{jet} (φ^{jet}) is the transverseenergy weighted mean pseudorapidity (azimuth) of all the particles belonging to that jet. The jets have been reconstructed using the uranium-scintillator calorimeter (CAL) and corrected for detector effects to yield jets of hadrons.

The cross section dσ/dE^{jet}_T has been measured in the E^{jet}_T range between 14 GeV and 85 GeV integrated over −1 < η^{jet} < 2 for Q^2 > 125, 500, 1000 and 2000 GeV^2. The results are presented in figure 1. The statistical errors are indicated as thick error bars. The systematic uncertainties not associated with the absolute energy scale of the CAL in the data have been added in quadrature to the statistical errors and are shown as thin error bars. The dominant source of systematic error (∼ 10%) is due to the uncertainty on the absolute energy scale of the CAL (±3%) in the data and is

‡ The pseudorapidity is defined as η = − ln(tan^θ_2 ), where the polar angle θ is taken with respect to the proton beam direction.

shown as a shaded band. The measured dσ/dE^{jet}_T for Q^2 > 125 GeV^2 exhibits a steep fall-off of 4 orders of magnitude in the E^{jet}_T range considered.

Figure 1. ZEUS inclusive jet cross sections as a function of E^{jet}_T . NLO QCD calculations are shown for comparison.

The measurements in figure 1 have been compared with next-to-leading order (NLO) QCD calculations using the program DISENT [5]. The CTEQ4M [6] proton parton distributions have been used and the renormalisation and factorisation scales have been chosen equal to Q. The calculations are for jets of partons identified by the same jet algorithm as for the data. At present, the DISENT program includes only γ exchange and does not contain QED radiative corrections. In order to compare with the data, the calculations have been supplemented for Z^∘-exchange and electroweak radiative effects. The correction for these effects depends upon E^{jet}_T and Q^2, and is typically within ±10%. The NLO QCD calculations refer to jets of partons whereas the measurements refer to jets at the hadron level. An estimate of the effects of hadronisation has been obtained by comparing the cross sections for jets of hadrons and jets of partons calculated with the DJANGO program [7]. The ratio (dσ/dE^{jet}_T [hadrons])/(dσ/dE^{jet}_T [partons]) is relatively constant as a function of E^{jet}_T and within ±5% of unity. The NLO QCD calculations give a good description of the measured dσ/dE^{jet}_T with Q^2 > 125 GeV^2, both in shape and magnitude. For higher thresholds in Q^2, the NLO QCD calculations reproduce the measured dσ/dE^{jet}_T except for Q^2 >

1000 GeV^2 in the low-E^{jet}_T region, where the data are above the calculations. However, the NLO QCD correction at E^{jet}_T ∼ 20 GeV for Q^2 > 1000 GeV^2 increases the cross section by 50% and suggests that higher-order QCD corrections can be very large. To assess the origin of this possible discrepancy, improved QCD calculations are needed. Otherwise no significant deviations are observed.

Three-jet production. Measurements of threejet cross sections provide tests of perturbative QCD at higher orders [8] than in inclusive jet production. In particular, the pattern of parton radiation can be investigated in detail by means of topological distributions.

The H1 collaboration has measured for the first time [9] the differential cross sections for threejet production in NC DIS using an integrated luminosity of 33 pb^{−1}. The jets are defined in the Breit frame§, where the virtual photon collides head-on with the proton, using the longitudinally invariant k_T -cluster algorithm in the inclusive mode. The recombination of the particles is done according to the Snowmass convention. Each jet is required to have E^{jet}_T (Breit) > 5 GeV and −1 < η^{jet}(lab) < 2.5. Events with at least three jets are selected and a cut on the three-jet invariant mass is applied, M_{3jet} > 25 GeV. The data have been corrected for detector effects and QED radiation from the lepton line.

The differential cross section dσ/dQ^2 for three-jet production has been measured in the range 5 < Q^2 < 5000 GeV^2. The results (dots) are presented in figure 2, where the inner error bars indicate the statistical uncertainties. The systematic uncertainties have been added in quadrature to the statistical errors and the results are shown as the outer error bars. The measured cross section exhibits a steep fall-off of four orders of magnitude in the measured range. A leading-order (LO) QCD calculation, which is O(α^2_s) for three-parton final states, using the program DISENT, is compared to the data in figure 2. Hadronisation effects are estimated to lower the cross section by about 20- 40%. The calculation provides a fair description of the data except in the low-Q^2 region (Q^2 < 40 GeV^2).

The topology of three-jet events has been studied in their centre-of-mass system using the following variables: a) the scaled jet energies X_3 = 2E_3/M_{3jet} and X_4 = 2E_4/M_{3jet}, where the outgoing jets are

§ The Breit frame is defined by ⃗q + 2x_{Bj} ⃗P = ⃗0, where ⃗q and ⃗P are the momenta of the exchanged boson and the incoming proton.

Figure 2. H1 inclusive three-jet cross section as a function of Q^2. A LO QCD calculation is shown for comparison.

labelled (3,4,5) and ordered according to decreasing energies (E_3 > E_4 > E_5); b) the polar angle of the most energetic jet (θ_3); and c) the angle between the three-jet plane and the plane containing the proton-beam direction and the leading jet (Ψ_3). To remove any bias introduced by the requirements on the jets as completely as possible, the following cuts have been applied: | cos θ_3| < 0.6 and X_3 < 0.9. The measurement of the topological distributions for 5 < Q^2 < 100 GeV^2 are shown in figure 3. The LO QCD calculations describe the shape of the measured distributions well. These distributions are less affected by hadronisation (below 10%) than dσ/dQ^2. The distribution of Ψ_3 exhibits most clearly the pattern of parton radiation in QCD: the expectation from phase space would be flat, but the jet requirements deplete the regions Ψ_3 ∼ 0 and π; the data behave in the opposite way and in agreement with QCD, where the initial-state radiation pole gives rise to enhanced parton radiation in the same plane as that spanned by the proton beam and the leading jet (i.e. Ψ_3 ∼ 0 and π). This result nicely complements similar investigations of the Ψ_3 distribution in pp̄ collisions [10] and γp interactions at HERA [11].

I would like to thank my colleagues from the H1 and ZEUS collaborations. The help of Tancredi Carli and Claudia Glasman in the preparation of this report is gratefully appreciated.

References

[1] H1 Collab., C. Adloff et al, Z. Phys. C 74 (1997) 191; ZEUS Collab., J. Breitweg et al, Z. Phys. C 74 (1997) 207.

[2] ZEUS Collab., Contr. paper to IECHEP’99, Tampere, 1999, N-536.

Figure 3. H1 measurements of the three-jet topological distributions. LO QCD calculations (solid histograms) and phase-space predictions (dashed histograms) are shown for comparison.

[3] S. Catani, Yu.L. Dokshitzer, M.H. Seymour and B.R. Webber, Nucl. Phys. B 406 (1993) 187: S.D. Ellis and D.E. Soper, Phys. Rev. D 48 (1993) 3160; M.H. Seymour, Nucl. Phys. B 513 (1998) 269.

[4] J. Huth et al., Proc. of the 1990 DPF Summer Study on High Energy Physics, Snowmass, Colorado, edited by E.L. Berger (World Scientific, Singapore,1992) p. 134.

[5] S. Catani and M.H. Seymour, Nucl. Phys. B 485 (1997) 291; Erratum-ibid, Nucl. Phys. B 510 (1997) 503.

[6] H.L. Lai et al, Phys. Rev. D 55 (1997) 1280. [7] K. Charchuła, G. Schuler and H. Spiesberger, Comp. Phys. Comm. 81 (1994) 381.

[8] For recent results on dijet production in NC DIS see T. Carli, these proceedings.

[9] H1 Collab., Contr. paper to IECHEP’99, Tampere, 1999, N-157.

[10] UA1 Collab., G. Arnison et al, Phys. Lett. B 158 (1985) 494; UA2 Collab., J.A. Appel et al, Z. Phys. C 30 (1986) 341; CDF Collab., F. Abe et al, Phys. Rev. D 45 (1992) 1448; DØ Collab., S. Abachi et al, Phys. Rev. D 53 (1996) 6000.

[11] ZEUS Collab., J. Breitweg et al, Phys. Lett. B 443 (1998) 394.