Forward Jet and Particle Production at HERA

D. Milstead

The University of Liverpool, Oliver Lodge Laboratory, Merseyside, L69 3BX, England. DESY, Notkestasse 85, D-22607, Hamburg, Germany. E-mail: milstead@mail.desy.de

Production of high transverse momentum charged particles, π^0 s and jets is studied in deep-inelastic scattering data taken with the H1 and ZEUS detectors at the ep collider HERA. The rate of the particles and jets observed at small angles with respect to the proton axis is strongly correlated to the underlying parton dynamics. Results are presented as a function of Bjorken-x and xi, the fraction of the incident proton’s energy carried by the particle or jet, at low Bjorken-x and large xi. The interplay between the two hard scales, Q^2 and ET_{jet} is also investigated. Comparisons are made with a BFKL inspired calculation and with Monte-Carlo predictions based on DGLAP evolution, on the CCFM equation and on the Colour Dipole Model.

1 Introduction

The positron-proton collider HERA has significantly increased the available kinematic region for the study of deep inelastic scattering (DIS) towards large fourmomentum transfer Q^2 (up to Q^2 ≈ 5 · 10^4 GeV^2 ) and small Bjorken-x (x ≈ 10�^5). The hadronic final state in such events is a very sensitive environment in which to disentangle different QCD processes. In particular the region near the proton remnant (forward region) will allow new insights to be gained into dynamical features of QCD at low Bjorken-x^1 since it provides a large phase space for parton emissions. Several prescriptions for the QCD evolution of the dynamics of such emissions have been proposed.

DGLAP^2 evolution in which the relevant evolution parameter is log(^{Q2}_{Q20} ) and in which emitted partons are strongly ordered in transverse momentum, k_T , has been successfully tested over wide ranges in Q^2 and provides, for instance, a good description of the structure function scaling violations. The BFKL^3 evolution equation, where the relevant evolution parameter is log(^1_x ) and for which there is no ordering in partonic k_T , is expected to become applicable at small enough x when the log(^1_x ) terms dominate the evolution. CCFM^4 evolution, in which the parton emissions obey angular ordering, is expected to be valid for both low and high Bjorken-x thereby forming a bridge between the BFKL and DGLAP approaches. Hadronic final state calculations for all three prescriptions are, for the first time, becoming available^5.

It has been noted that another approach based on a resolved photon component in deep inelastic scattering can emulate the random walk behaviour in k_T observed in the BFKL approach^6. The resolved photon picture can be considered to be applicable when the squared transverse momentum of the parton of the hard scattering process is larger than Q^2 of the photon. In that case the photon can be considered to interact via its hadronic structure.

A complication in using the hadronic final state to investigate QCD evolution is the effect of soft hadronisation processes and it has been suggested that these can be reduced by studying forward jet production^{7,8,9}. Single high-p_T particle production has also been proposed as a probe of QCD dynamics^{10,11}, the advantage of which, compared to jets, is the lack of dependence on the choice of jet finding algorithm and also the potential to reach smaller angles than is possible with jets with broad spatial extent. Previous measurements^{12,13} on charged particle production which exploit this feature have been limited by experimental acceptance mostly to the central region of the detector.

In this report, results from the H1 and ZEUS experiments are presented on single jets, di-jets and high transverse momentum single particles in the forward region at small Bjorken-x.

2 Results

2.1 Single Particles

Results are presented as spectra in Bjorken-x of single charged particles and π^0-mesons with 5ffi < θ < 25ffi and p_T > 1 GeV, where θ and p_T refer to the polar angle and transverse momentum of the single particle respectively (both measured w.r.t. incoming proton direction). All distributions are normalised to the number of DIS events, N , that fall into the kinematic range: E_e0 > 12 GeV,

156ffi_{< Θe < 173}ffi_{, y > 0.1 and 0.0002 < x < 0.00236.}

Here E_e0 and θ_e refer to the energy and polar angle of the scattered lepton and y and x are the familiar Bjorken variables.

Charged particle results are shown in Fig. 1 (top left)

for the lower threshold of x_{cp} = E_{cp} E_{proton} greater than 0.0098, where E_{cp} and E_{proton} are the charged particle and incoming proton energies respectively. Here, as in all the following distributions presented in this report, where two error bars are shown, the full errors are the quadratic sum of the statistical (inner error bars) and systematic uncertainties.

Figure 1: The forward charged particle and π^0 spectra in Bjorken-x for pT > 1 GeV and 5ffi < θ < 25ffi are shown for different values of

the lower energy threshold xcp = EcpE proton (charged particles) xπ = Eπ Eproton (π^0-mesons). Here n^{cp} (n^π) is the number of charged particles ( π^0 -mesons) and N is the number of events that enter the distribution. For comparison, predictions of four different QCD models are overlayed. For the highest xπ bin a BFKL calculation is available. Its predictions have been divided by two for presentation purposes.

The charged particle rate clearly rises with decreasing Bjorken-x providing evidence of much more hard partonic radiation than predicted by DGLAP type QCD models as represented by LEPTO^{14}. A reasonable description of the data can be obtained by adding contributions from processes in which the photon is not point-like but acts as a resolved object as is implemented in RAP- GAP^{15}. The renormalisation and factorisation scales were both set to p^2_T + Q^2 in these calculations where p^2_T is the transverse momentum squared of the outgoing partons from the hard sub-process. Measurements are also presented in Fig. 1 for π^0-mesons for the three lower thresholds of x_π> [ 0.0098, 0.015, 0.017 ]. To further check the consistency of both measurements ARI- ADNE^{16} with JETSET^{17} was used to estimate the contribution of charged pions to the charged particle data. The results divided by two are compared to the π^0 measurement in Fig. 1 (top right) and are in good agreement. For the first time the data can also be compared to a MC model based on the CCFM approach (LDCMC^5). Although it is close to the data for the single particle spectra with the lower energy cutoffs it becomes increasingly similar to the DGLAP based model in the higher energy π^0 spectra.

The Colour Dipole Model as implemented in ARI- ADNE tends to overshoot the data in most of the measured distributions. BFKL calculations, folded with fragmentation functions, are available for the highest momentum π^0 points^{18}. These predictions were found to over-estimate the observed π^0 yield and the calculated points are shown in Fig. 1 divided by two. Despite this large normalisation discrepancy the calculations are seen to describe well the x dependence of the π^0 measurements. More details appertaining to this analysis can be found in^{19} and^{20}.

2.2 Forward Jet and Di-jet Production

The ZEUS forward single jet cross-section is shown in Fig. 2 as a function of x. Jets are selected in the phase space region η_{jet} < 2.6, x_{jet} =^{Ejet}_{Ep} > 0.036,

0.5 <^{ET jet2}_{Q2} < 2, E_e0 > 10 GeV, y > 0.1. Here η_{jet}, E_{jet} and E_{T jet} refer to the pseudorapidity, energy and transverse energy of the jet respectively.

These cuts are similar to the H1 single particle analysis although the further cut, 0.5 <^{E2T jet}_{Q2} < 2, is designed to suppress DGLAP radiation by exploiting the k_T ordering feature of this scheme^7.

Several QCD-based models are compared to the data. LEPTO, HERWIG^{21} and the LDC underestimate the cross-section while predictions from RAPGAP with a resolved photon contribution and ARIADNE are closer to the data.

The single jet cross-sections also show a strong rise as x is lowered. DGLAP calculations from LEPTO and HERWIG and CCFM predictions from LDC fail to match the data although predictions from ARIADNE come close. The ZEUS forward jet data are shown again in Fig. 3 and compared to RAPGAP and LEPTO. RAP- GAP is used here again with the renormalisation and factorisation scales were set equal to p^2_T + Q^2. The RAP- GAP predictions are shown for “direct” only and “direct+resolved” interactions of the photon. The dependence of RAPGAP predictions on choice of scale has been investigated. The effects of varying the renormalisation and factorisation scales between^{p2T}_2 + Q^2 and 4.p^2_T + Q^2 are shown as bands around the respective “RAPGAP resolved and direct” and “RAPGAP direct” predictions. Clearly, a significant scale dependence exists for both calculations although the effect is larger for the resolved

Figure 2: Forward jet cross section at hadron level as a function of

x in the kinematic region η_{jet} < 2.6, x_{jet} > 0.036, 0.5 <^E 2 T jet_{Q2} < 2

, Ee0 > 10 GeV, y > 0.1. Statistical errors are shown as thick error bars and statistical and systematic errors added in quadrature as thin error bars. The errors due to the uncertainty of the jet energy scale are shown as the shaded band

photon prediction. However, even with a change in scale, the direct calculations from RAPGAP still lie far below the data and are, as expected, close to those from LEPTO.

It is of interest to expand the kinematic range studied and investigate the interplay between scales p^2_T and Q^2. In Fig. 4, the forward jet cross-section as a function of

P 2T

Q2 is shown, as measured by ZEUS. For this spectra,

the cut 0.5 <^{E2T jet}_{Q2} < 2 has been removed allowing the study of the jet production in a range of environments. For p^2_T << Q^2, interactions are conventionally treated as DIS scattering of a point-like photon off a constituent in the proton whereas a photoproduction-like regime is achieved for p^2_T >> Q^2 for which a partonic photon is probed by a parton from the proton. From Fig. 4 it can be seen that LEPTO fails for^{E2T}_{Q2} greater than about

0.1. ARIADNE describes well the data at low^{E2T}_{Q2} and p^2_T ≈ Q^2. However, this model fails for p^2_T >> Q^2 and the only model to describe well the forward jet crosssection over the full^{E2T}_{Q2} considered here is RAPGAP. In this plot, the shaded band represents the error due to the uncertainty on the jet energy scale. Further details of the ZEUS analyses can be found in^{22}.

H1 measurements of the forward jet cross-section in bins of x are displayed in Fig. 5 for jets defined by x_{jet} = Ejet_{Ep} > 0.035, 0.5 < p^2T jet_{Q2} < 2, 7ffi < Θ_{jet} < 20ffi, p_{T jet} > 3.5

Figure 3: Forward jet cross section at hadron level as a function of

x in the kinematic region η_{jet} < 2.6, x_{jet} > 0.036, 0.5 <^E 2 T jet_{Q2} < 2,

Ee0 > 10 GeV, y > 0.1. Statistical errors are shown as thick error bars and statistical and systematic errors added in quadrature as thin error bars. The two bands show the result of varying the factorisation and renormalisation scales in the RAPGAP calculations.

GeV falling into the kinematic region E_e0 > 12 GeV,

156ffi_{< Θe < 173}ffi_{, y > 0.1. The same QCD-based mod-}

els are compared to the data. LEPTO again underestimates the cross-section while predictions from RAPGAP with a resolved photon contribution and ARIADNE are closer to the data. Numerical BFKL calculations at the parton level^{23} lie above the data although they describe well the shape of the distribution. Exact NLO parton calculations from DISENT^{24} using DGLAP parton densities are far from the data in both shape and normalisation. Further details of this analysis can be found in^{25}.

H1 has also measured the forward di-jet crosssection^{20} for the same kinematic range as the single jet analysis. This has been measured as 6.0 ± 0.8(stat.)±3.2(syst.) pb or roughly 1% of the forward jet cross section.

Recent numerical BFKL calculations at the parton level^{26} predict that a fraction of 3 to 6% of the forward jet data should contain 2 or more forward jets. Table 1 compares the forward 2-jet cross-section in data with a number of QCD models with only ARIADNE and RAP- GAP giving reasonable descriptions and LEPTO and the LDC failing to match the data.

Figure 4: Forward jet cross section at hadron level as a function of

x in the kinematic region η_{jet} < 2.6, x_{jet} > 0.036, 0.5 <^E 2 T jet_{Q2} < 2,

Ee0 > 10 GeV, y > 0.1. Statistical errors are shown as thick error bars and statistical and systematic errors added in quadrature as thin error bars. The errors due to the uncertainty of the jet energy scale are shown as the shaded band

Event Sample Forward 2-jet cross-section / pb H1 Prel. 1994 Data 6.0 ± 0.8±3.2 ARIADNE 5.9 RAPGAP 6.0 LEPTO 2.8 LDC 1.6

Table 1: H1 Preliminary data and QCD calculations for forward

di-jet events, with each jet satisfying x_{jet} =

Ejet Ep > 0.035, 0.5 < p2T jet_{Q2} < 2, 7ffi < Θ_{jet} < 20ffi and p_{T jet} > 3.5 GeV in the kinematic

range Ee0 > 11 GeV , 156ffi < Θe < 173ffi and y > 0.1.

3 Summary

Measurements of high transverse momentum single particle rates and single and di-jet cross-sections in low x DIS in the forward region have been presented. Models based on DGLAP and CCFM evolution provide insufficient hard QCD radiation to match the data. Predictions from ARIADNE give a good description of the data as do those from RAPGAP which includes a resolved photon component. Analytical BFKL calculations over-estimate the yield of forward jets and single particles but provide a good description of the shape of their x dependence.

Figure 5: H1 Preliminary cross-sections and QCD calculations for

inclusive forward jets satisfying x_{jet} =

Ejet Ep > 0.035, 0.5 < p2T jet_{Q2} < 2,

7ffi < Θ_{jet} < 20ffi and pT_{jet} > 3.5 GeV.

References

1. A.H. Mueller, Nucl. Phys. B (Proc. Suppl.) 18C (1990) 125;

A.H. Mueller, J. Phys. G17 (1991) 1443; J. Kwieciński, A.D. Martin, P.J. Sutton, Phys. Lett. B325 (1994) 212.

2. Yu. L. Dokshitzer, Sov. Phys. JETP 46 (1977) 641;

V.N. Gribov, L.N. Lipatov, Sov. J. Nucl. Phys. 15 (1972) 438 and 675;

G. Altarelli, G. Parisi, Nucl. Phys. 126 (1977) 297. 3. E.A. Kuraev, L.N. Lipatov, V.S. Fadin, Sov. Phys.

JETP 45 (1972) 199;

Y.Y. Balitsky, L.N. Lipatov, Sov. J. Nucl. Phys. 28 (1978) 282.

4. M. Ciafaloni, Nucl. Phys. B296 (1987) 259;

S. Catani, F. Fiorani, G. Marchesini, Phys. Let. 234B (1990) 339;

S. Catani, F. Fiorani, G. Marchesini, Nucl. Phys. B336 (1990) 18.

5. W.J. Stirling, hep-ph/9804431.

G. Salam, hep-ph/9805322.

L. Lönnblad, JHEP 03 (1998) 006; hepph/9709424.

6. H. Jung, L. Jönsson, H. Küster, DESY 98-051. 7. A.H. Mueller, Nucl. Phys. B (Proc. Suppl.) 18C (1990) 125;

J. Phys. G17 (1991) 1443.

8. J. Kwieciński, A.D. Martin, P.J. Sutton, Phys.

Rev. D46 (1992) 921.

9. J. Bartels, A. De Roeck, M. Loewe, Z. Phys. C54 (1992) 635;

W.K. Tang, Phys. Lett. B278 (1992) 363. 10. M. Kuhlen, Phys. Lett. B382 (1996) 441. 11. J. Kwiecinski, S.C. Lang and A.D. Martin, hepph/9707240.

12. H1 Collab., C.Adloff et al., Nucl. Phys. B485 (1997) 3.

13. ZEUS Collab., M. Derrieck et al., Z. Phys. C70 (1996) 1.

14. G. Ingelman, A. Edin, J. Rathsman, Comp. Phys.

Comm. 101 (1997) 108.

15. H. Jung, Comp. Phys. Comm. 86 (1995) 147

http://www-h1.desy.de/~jung/rapgap.html

16. L. Lönnblad, Comp. Phys. Comm. 71 (1992) 15. 17. T. Sjöstrand, Comp. Phys. Comm. 39 (1986) 347;

T. Sjöstrand and M. Bengtsson, Comp. Phys. Comm. 43 (1987) 367.

18. J. Kwiecinski, S.C. Lang, A.D. Martin, Phys. Rev.

D55 (1997) 1273.

19. H1 Collab., C. Adloff et al., Contributed paper (abstract 255) to EPS97.

20. H1 Collab., C. Adloff et al., Contributed paper (abstract 529) to ICHEP98.

21. M. Seymour, Lund preprint LU-TP-94-12 (1994);

M. Seymour, Nucl. Phys. B436 (1995) 443. 22. ZEUS Collab., J. Breitweg et al., DESY 98-050, accepted by Eur. Phys. J. ZEUS Collab., J. Breitweg et al., Contributed paper (abstract 804) to ICHEP98.

23. J. Bartels et al., Phys. Lett. B384 (1996) 300. 24. S. Catani, M.H. Seymour,Nucl. Phys. B485 (1997) 291, Erratum-ibid.B510 (1997) 503.

25. H1 Collab., S. Aid et al., Contributed paper pa 03- 49, to ICHEP96, Warsaw, Poland, July 1996.

26. J. Kwiecinski, C.A.M. Lewis and A.D. Martin, Phys. Rev. D57 (1998) 496.