Tests of QCD with Particle Production at HERA: Review and Outlook.

David Milstead The Department of Physics, The University of Liverpool, Liverpool, L69 3BX, England

Precision measurements of the ep hadronic final state made by the H1 and ZEUS collaborations at HERA are used to test exact perturbative QCD calculations and non-perturbative QCD schemes in a variety of different experimental environments.

1 Introduction

Since 1992 the HERA experiments H1 and ZEUS have been assembling a body of precise measurements of ep induced hadronic final states. Their usefulness in quantifying the success of the theory of strong interactions (QCD) and probing proton and photon structure cannot be overstated. Owing to the large kinematic range in Bjorken-x and the virtuality of the exchanged boson, Q^2,

(10�5<_{∼x}<_{∼0.5 and 0}<_{∼Q}2<_{∼50000 GeV}2_{, respectively) opened up by HERA it}

is possible to select regions of phase space which are associated with different parton configurations and make precision measurements of hadron production there. Deeply inelastic ep scattering (DIS) at low values of Bjorken-x (x ∼ 10�^4) permits a well-developed parton cascade to occur before the interaction with the exchanged boson and the form of this evolution is still one of the open questions in pQCD today. Conversely, for high values of Q^2 the available phase space permits a time-like evolution from a parton after the interaction with the exchanged boson in a manner analogous to QCD evolution following e^+e� annihilation. This allows the study of the universality of hadron production and (for large values of Bjorken-x) precisely tests pQCD in an environment devoid of large theoretical uncertainties associated with the space-like evolution of partons from the proton. Hadronic final state studies also allow the possiblity to discriminate between the non-pQCD models of hadronisation and, in particular, to study the influence of an extended baryon remnant system on this process.

This paper reviews current open questions in the ep hadronic final state and discusses tests of pQCD and non-pQCD schemes made with measurements of particle spectra. Results on jet physics are covered elsewhere^1

2 Forward π^0 Production

The presence of particles with large values of transverse momentum (p_T ) is indicative of a hard partonic sub-process and thus can be used to directly test pQCD calculations^2. It was therefore suggested^3 that measurements of the forward π^0 cross-section could help to resolve one of the open questions at HERA: how do partons evolve from the proton ? Parton evolution based on the DGLAP^4 equations successfully describes all inclusive measurements of the proton structure function F_2. However, this scheme sums terms in ln(Q^2) and ignores terms in ln(1/x) which should play a significant role in the low Bjorken-x domain opened by HERA and therefore BFKL^5 evolution which, conversely, sums terms in ln(1/x) is expected to become applicable. Although measurements of F_2 offer no discrimination between the two schemes, the different dynamical features of the two approaches suggests that the hadronic final state may offer a means of observing BFKL effects. DGLAP evolution imposes a strong increasing ordering on k_T , the transverse momentum of the emitted parton and a weak decreasing ordering in the fractional momentum x of the propagating parton as the parton “ladder” develops away from the proton. However, BFKL evolution imposes a strong ordering in x and no ordering in k_T , allowing partons to take a “random walk” in k_T and thus would give rise to more high momentum parton emissions than from DGLAP evolution.

It would then be expected that measurements of particle production in the region associated with this parton ladder would be sensitive to evolution effects. In fact, a series of hadronic final state measurements on transverse energy flow and jet and particle production in the forward (ie close to the proton) direction have already been made^{6,7}. A recent highlight of these works is the measurement of high p_T π^0 mesons^7. In this study π^0 mesons with values of transverse momentum in the photon-proton hadronic centre of mass system of p_T > 2.5 GeV were selected. Values of the polar angle, θ, measured with respect to the incoming proton direction in the HERA laboratory system were restricted to 5^0 < θ < 25^0 and the laboratory system π^0 energy scaled by the incoming proton energy (x_π = E_π /E_{proton}) was required to be greater than 0.01. The kinematic range in Q^2 and the inelasticity variable, y, was restricted to 2 < Q^2 < 70 GeV^2 and 0.1 < y < 0.6.

Figure 2 shows the forward π^0 cross-section (left) and DIS event-normalised rate (right) as a function of Bjorken-x for three different intervals of Q^2. The cross-section rises towards low Bjorken-x for each of the Q^2 ranges although the rate is flat. Calculations based on leading order BFKL dynamics^8 describe the data best although they fail to match the measured cross-section at the lowest values of Bjorken-x and Q^2. Calculations based on DGLAP evolution

Figure 1: The forward π0 cross-section (left) and DIS event normalised-rate (right) as a function of Bjorken-x for different intervals of Q2.

from the proton alone (LEPTO^9) fail to describe the data. Partonic structure can also be assigned to the resolved photon thus allowing DGLAP evolution from the photon and the proton. Calculations based on this picture are also shown (RAPGAP^{10}) and they come close to the data although, like the BFKL calculations, these fail at the lowest measured values of Bjorken-x and Q^2.

It is the author’s opinion that the next step for these analyses must be the exploitation of the full ep event information. One such proposed analysis is using multi-particle correlations which are directly sensitive to the presence or absence of strong k_T ordering in parton emissions^{11}. The H1 and ZEUS experiments are strongly encouraged to pursue this.

3 Inclusive Particle Production in the Breit Frame

In addition to measuring the rate of high momentum particles, the momentum spectra of produced particles is also instructive in testing pQCD. The modified leading log approximation (MLLA) under the assumptions of local parton hadron duality (LPHD) has proven successful in e^+e� experiments at describing the centre-of-mass energy dependence of the peak position and width of particle fragmentation functions. For ep collisions at HERA, the current region of the Breit frame is the appropriate region of phase space to compare particle production in DIS with that in e^+e�. The Breit frame is aligned with the photon-proton centre of mass frame but boosted along a common z direction such that the incident photon has zero energy, zero transverse momentum and a z component of momentum -Q. The negative z-axis is chosen to be in the direction of the incoming photon and is referred to as the current hemisphere of the interaction and is the region of phase space that can be associated with the fragmentation of the struck quark in the quark parton model. The DIS hadronic final state in the current region of the Breit frame can therefore be compared to that produced in a single hemisphere of an e^+e� collision if the centre of mass energy is equal to Q.

Figure 2 (left) shows the evolution of the peak position, width, skewness and kurtosis of the fragmentation function ξ = ln(^1_{xp} ) with Q for charged particles inclusively produced in the current region of the Breit frame, in which x_p is the particle momentum in the Breit frame scaled with Q. Results from e^+e� experiments are shown and agree well with the DIS results from ZEUS^{12} for values of Q^2>∼100 GeV^2, supporting the hypothesis of the universality of parton fragmentation in this region.

A comparison is also with MLLA predictions of Dokshitzer et al.^{13} with different values of the cascade cut-off, Q_0 (Q_0 = Λ:full line, Q_0 = 2Λ: dashed line, Q_0 = 3Λ: dotted line) and the limiting spectrum predictions of Fong and Webber:dashed-dotted line^{14}. A consistent description of the mean, width, skewness and kurtosis cannot be achieved. One possible explanation for this could be the massless assumptions made in the MLLA^{15}.

Figure 2: The evolution of the higher moments of the fragmentation function ξ (left) and xp (right) for inclusively produced charged particles in the current region of the Breit frame as a function of Q. Results from e+e� collisions and pQCD-based calculations are also shown. 4

Another way to study the evolution of particle fragmentation functions with Q is via their “scaling violations”. Figure 2 (right) shows the dependence of^1_{σtot}^{dσ}_{dxp} on x_p and Q as measured by the ZEUS collaboration. Again e^+e� results are also shown and, with the scale as their centre of mass energies, agree well with the DIS data for Q^2>∼100 GeV^2. For Q^2<∼ 100 GeV^2 pQCD processes in DIS such as boson-gluon fusion and QCD-Compton which are absent in e^+e� produce a lower multiplicity in the current region of the Breit frame^{12,16} than in a single e^+e� hemisphere.

The qualitative features of these distributions can be understood as a softening of the particle spectra with increasing Q owing to an increased phase space for QCD emissions. For large values of x_p and Q precise calculations to next-to-leading order (NLO) QCD which are convoluted with charged particle fragmentation functions derived from e^+e� results can be used to make a direct comparison with the data and these are also shown. They describe the data reasonably well at the higher values of Q^2 (Q^2>∼100 GeV^2) at which the factorisation scale dependence effects are minimised. Ultimately, such studies can be used to provide a measurement of α_s, complementary to derivations from (2+1) jet rates. However, owing to current theoretical uncertainties, namely the factorisation scale dependence and parton density assumptions, it is unclear if such a measurement will ever be competitive^{17}. More current results on fragmentation studies at HERA can be found in^{12} and^{16}.

With regard to future directions, it is the author’s view that simply making more statistically precise studies of existing measurements will not help the study of the environmental independence of fragmentation. Instead, works such as^{18} should be considered which suggests comparing DIS and e^+e� results after applying a series of cuts to suppress the QCD effects from proton structure which are present in the current region of the Breit frame. Furthermore, one of the next steps in charged particle multiplicity-based pQCD tests should be to expand those studies which use the full event information such as^{19}.

4 Baryon Number Propagation

In addition to precision tests of pQCD, HERA is also in a position to make a useful contribution in studying non-pQCD processes and discriminating between the plethora of available schemes. One such recent study is that of baryon number propagation and this produced one of the most remarkable results on the hadronic final state to come from HERA so far^{20}. A positive baryon number is seen in the backward region of the H1 detector, up to eight units of rapidity away from the leading baryon regime. The pp̄ asymmetry 2 ·^{Np}�^{Np̄}_{Np+Np̄} , formed from the p(p̄) yield N_p(N_{p̄}), is studied in the photon hemisphere in photoproduction interactions. Owing to experimental particle identification constraints, the pp̄ are restricted to a range in pseudorapidity and p_T , as measured in the HERA laboratory frame, of (|η| < 1 and 0.3 < p_T < 0.6 GeV). The H1 preliminary measurement of the asymmetry is shown in figure 4 as a function of the inclusive charged particle multiplicity in the same angular region as the pp̄. A significant, positive baryon asymmetry is seen which rises with multiplicity. Calculations from^{21} in which the baryon number is assumed to be propagated via a gluon (quark) exchange mechanism are also shown as a solid (dashed) line. The gluonic mechanism describes the data well. The PHOJET^{22} model of photoproduction interactions which uses Lund string fragmentation^{23} and treats baryon number assignment via the conventional diquark+quark approach predicts no asymmetry in this region.

It is now vital that the H1 experiment publishes this analysis as a final result and that this observation is also verified by the ZEUS collaboration. Studies of strange hyperons should also be performed as they may give rise to an enhanced baryon asymmetry owing to the suppression of strange-flavoured baryons in the fragmentation process.

Figure 3: H1 preliminary measurements of the charged particle multiplicity (N) in the region jηj < 1 (left) and the pp̄ asymmetry, 2 � N^p�N^{p̄}N_p+N_{p̄} as a function of N. Calculations assuming a gluon (quark) exchange mechanism for baryon number propagation are also shown as solid (dashed) lines.

5 Summary

A review of results on particle production from ep collisions at HERA has been presented. This work has enabled precise tests of pQCD and non-pQCD calculations to be made.

References

1. T. Hadig, these proceedings.

2. See for example: Michael Kuhlen, QCD and the Hadronic Final State in Deep Inelastic Scattering at HERA, Habilitationsschrift Thesis, University of Hamburg, 1997 and references therein.

3. J. Kwiecinski, S. Lang and A. Martin, Phys. Rev. D 55 (1273) 1996. 4. Yu. L. Dokshitzer, Sov. Phys. JETP 46 (1977) 641;

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

G. Altarelli and G. Parisi, Nucl. Phys. 126 (1977) 297. 126 (1977). 5. E. A. Kuraev, L. N. Lipatov and V. S. Fadin, Sov. Phys. JETP 45 (1972) 199;

Y. Y. Balitsky and L. N. Lipatov, Sov. J. Nucl. Phys. 28 (1978) 822. 6. I. Abt et al., ZPC 63 (377) 1994;

S. Aid et al., Phys. Lett. B 356 (1995) 118; C. Adloff et al., Nucl. Phys. B 485 (1997) 3; J. Breitweg et al., Eur. Phys. J. C 6 (1999) 239; C. Adloff et al., Nucl. Phys. B 538 (1999) 3;

J. Breitweg et al., Submitted to Phys. Lett. B , (E) DSY 99-162 (October 1999).

7. C. Adloff et al., Phys. Lett. B 462 (1999) 440.

8. J. Kwiecinski, A. Martin and J.J. Outhwaite Eur. Phys. J. C 9 (611) 1999.

9. G. Ingelman, Proc. of the HERA workshop, eds W. Buchmüller and G. Ingelman, Hamburg (1992) Vol. 3, 1366.

10. H. Jung, Comp. Phys. Comm. 86 (1995) 147 (for update see http://www-h1.desy.de/~jung/rapgap/rapgap.html).

11. E. de Wolf and P. Van Mechelen, Proc. of the Workshop on Monte Carlo Generators for HERA Physics, 1999, eds A.T. Doyle, G. Grindhmmer, G. Ingelman and H. Jung.

12. J. Breitweg et al., Eur. Phys. J. C 11 (1999) 271.

13. Yu. Dokshtzer, V. Khoze and S. Troyan, Int. J. Mod. Phys. A 7 (1992) 1875.

14. C.P. Fong and B.R. Webber, Phys. Lett. B 229 (1989) 289; C.P. Fong and B.R. Webber, Phys. Lett. B 355 (1991) 54.

15. S. Lupia and W. Ochs, Eur. Phys. J. C 2 (1998) 307. 16. C. Adloff et al., Paper 531 submitted to ICHEP98, Vancouver, 1998;

C. Adloff et al., Nucl. Phys. B 504 (1997) 3.

17. D. Graudenz, Proc. of the Future Physics at HERA, Hamburg, 1996, eds. G. Ingelman, A. De Roeck, R. Klanner.

18. P. Eden, NORDITA-1999-72-HE, Nov 1999, hep-ph/9911351. 19. J. Breitweg et al., to appear in Eur. Phys. J. C , (E) DSY 99-056 (May 1999); S. Chekanov, these proceedings.

20. C. Adloff et al., Paper 556 submitted to ICHEP98, Vancouver, 1998;

C. Adloff et al., Nucl. Phys. B 504 (1997) 3.

21. B. Kopeliovich and B. Povh, Phys. Lett. B 446 (1999) 321. 22. R. Engel, Proc. of the XXIXth Rencontre de Moriond (1994) 321. 23. B. Andersson et al., Phys. Rep. 97 (1983) 31.