Confronting QCD Instantons with HERA Data

T. Carli and M. Kuhlen

Max-Planck-Institut für Physik, Werner-Heisenberg-Institut, Föhringer Ring 6, D-80805 München, Germany, e-mail: h01rtc@rec06.desy.de, kuhlen@desy.de

Abstract. The sensitivity of existing HERA data on the hadronic final state in deep-inelastic scattering (DIS) to processes induced by QCD instantons is systematically investigated. The maximally allowed fraction of such processes in DIS is found to be on the percent level in the kinematic domain 10�^4 . x . 10�^2 and 5 . Q^2 . 100 GeV^2. The best limits are obtained from the multiplicity distribution.

I INTRODUCTION

The standard model contains hard processes which cannot be described by perturbation theory, and which violate classical conservation laws like baryon and lepton number B + L in the case of the electroweak sector and chirality in the case of strong interactions [1]. Such anomalous processes are induced by instantons [2].

Observable instanton effects in electroweak processes are only expected to be sizable in the multi-TeV region and are therefore out of the present experimental reach. QCD instantons, however, could be observed in in deep-inelastic scattering (DIS) at HERA colliding 27.5 GeV positrons on 820 GeV proton [3–6].

The theoretical background of the cross-section calculation and aspects of instanton phenomenology based on a Monte Carlo simulation [7] for the QCD instanton have been discussed by F. Schrempp and A. Ringwald [8,9] at this conference. In this contribution limits on instanton production are derived from the most sensitive data on the hadronic final state of DIS events, namely the multiplicity distributions [10], the transverse energy flows [11] and hard particle production [12].

II INSTANTON PRODUCTION AT HERA

At HERA, events induced by QCD instantons predominantly invoke a quark-gluon fusion process. The total cross-section is given by a convolution of the probability to find a gluon in the proton P_{g/p}, the cross-section σ_q�_g(x^′, Q^{′2}) of the instanton induced sub-process and the probability that a photon splits in a quark-antiquark pair in the instanton background P^{(I)}_q�_{/γ}

FIGURE 1. Mean transverse energy as function of the pseudo-rapidity in the hadronic center of mass frame. The proton moves to the left. Shown are H1 data [11], a standard DIS prediction based on ARIADNE (solid line,nDIS) and the instanton expectation in various phase space regions in the (x0 ,Q0 ) plane (broken lines,INSDIS).

[5,6]. Besides the squared transverse momentum transfer Q^2 and the Bjorkenx scaling variable, this scattering process is characterized by Q^{′2}, the virtuality of the quark (q^∗), and x^′, the Bjorken scaling variable associated with the q^∗g sub-process. σ_q�_g(x^′, Q^{′2}) decreases with increasing Q^{′2} and exponentially grows with decreasing x^′. Due to inherent ambiguities - in particular the exponential behaviour at low x^′ - the calculation is only reliable for x^′ & 0.2 and Q^{′2} & 25 GeV^2.

Since the highest event rate is expected in the low-x regime, DIS data down to x ≈ 10^{−4} are analyzed in this study. When comparing to theory predictions, the phase space is restricted to the theoretically controllable regime by imposing limits on (x^′, Q^{′2}). The characteristics of the hadronic final state of instanton induced events are considered to be more robust than predictions of the absolute event rate [5]. To investigate the sensitivity of the event topology to x^′ and Q^{′2}, different instanton scenarios with varying cut-off parameters are examined.

III EXPERIMENTAL SIGNATURE

In its own rest frame the instanton isotropically decays into a multi-parton state, consisting of gluons and all quark flavours which are kinematically allowed. After fragmentation of the semi-hard partons, a densely and uniformly populated band of particles with characteristic flavours is expected in a certain pseudo-rapidity (η) region.

This band of high hadronic activity can be identified in the mean transverse energy flow (dE_T /dη) (see Fig. 1). While the data exhibit a plateau of about 2 GeV per η unit, large mean transverse energies of up to O(10 GeV) are predicted for instanton events. The height and the position of the instanton

FIGURE 2. Transverse momentum and multiplicity distribution of charged particles in the hadronic center of mass frame. Shown are H1 data [12,10], a standard DIS prediction based on ARIADNE (solid line,nDIS) and the instanton expectation in different phase space region in the (x0,Q0^2) plane (broken lines,INSDIS).

band depends on with the instanton mass M_{ins} ≈

q_{Q′2/x′, i.e. for decreasing}

x^′ and increasing Q^{′2} it gets stronger and moves towards the proton remnant. For large M_{ins} also the transverse momentum spectrum of charged particles becomes harder for instanton events than for normal DIS (see Fig. 2).

A distinct signature of instanton events is a large particle multiplicity. In Fig. 2 the distribution of the charged particles multiplicity in 1 < η < 5 for large W ≈

q_{Q2/x is shown. The mean of this distribution logarithmically}

depends on M^2_{ins}.

IV BOUNDS FROM HERA DATA

The standard DIS Monte Carlo simulation program ARIADNE [13] provides an excellent description of all available HERA data on the hadronic final state [14]. Upper bounds on the cross-section of instanton induced events (σ_{lim}) in DIS can be determined from their distinct event topology. Assuming that the data on dE_T /dη consist of normal DIS together with a certain fraction of instanton events, the maximally allowed fraction of instanton events (f_{lim}) can be extracted using a χ^2 procedure. An example of a superposition of normal DIS with the fraction of instanton events which can be excluded at

FIGURE 3. Limits on instanton production with Q0^2 > 25 GeV^2 and x0 > 0.2 from transverse energy flows and the multiplicity distribution. a) The cross-section limits (σ_{lim}) together with the maximally allowed instanton fraction f_{lim} in the (x,Q^2) plane obtained from the dE_t/dη (open fields) and multiplicity analysis (shaded fields). b) (f_{lim} ) versus x is compared to the theory prediction in the W bin considered in the multiplicity analysis (dotted line).

95% confidence level (C.L.) is shown in Fig. 1 (dashed dotted line). In Fig. 3 the results for instantons with x^′ > 0.2 and Q^{′2} > 25 GeV^2 are summarized (open fields). For 10^{−4} . x . 10^{−2} and 10 < Q^2 < 50 GeV^2, f_{lim} values of about 5 − 10% can be excluded. This corresponds to cross-section limits of ≈ 200 − 800 pb. The best limits are obtained in the domain of higher x and Q^2. These results can vary by at most a factor 2 when using different choices in the details of the DIS model^1. Here, however, we used the most conservative choices.

Any dependence on the DIS model can be avoided by exploiting the fact that no events with a certain charged particles multiplicity have been observed in the data. For such high multiplicity still a reasonable efficiency (8 − 20%) for instanton events is expected (see Fig. 2). At 95% C.L. f_{lim} is then obtained from f_{lim} = 3/(ϵ_iN_{DIS} ) where ϵ_i is the efficiency to detect instanton events at

1) proton structure function, hadronisation parameters etc.

large multiplicity and N_{DIS} is the total number of observed DIS events. The obtained limits in different W bins are displayed in Fig. 3 (shaded areas). For 80 < W < 220 GeV, values f_{lim} ≈ 0.5% and 40 . σ_{lim} . 80 pb are obtained.

These bounds are not yet stringent enough to test the theory which predicts an instanton fraction of O(0.01%). In the theoretically unsafe region (low x^′), where the instanton fraction is expected to be large, limits can also be derived to constrain the theory.

V CONCLUSION

The observation of instanton effects in DIS events at HERA would be a novel, non-perturbative manifestation of QCD and would furthermore provide valuable indirect information about B + L violation in the multi-TeV region induced by electroweak instantons. The distinct event topology of instanton induced events allows to discriminate them from normal DIS events. Using existing HERA data on the hadronic final state corresponding to an integrated luminosity of O(1 pb^{−1}), the maximally allowed fraction of instantons in DIS is found to be of O(1%) for 80 < W < 220 GeV and x^′ > 0.2 and Q^{′2} > 25 GeV^2. The predicted instanton fraction is ≈ 0.01 − 0.02%, i.e. still below the level excluded by existing HERA data. The higher luminosity of O(10 pb^{−1}) already collected by HERA and dedicated instanton searches will allow to test the absolute prediction of the cross-section in the near future.

REFERENCES

1. G. ’t Hooft, Phys. Rev. Lett. 37 (1976) 8; Phys. Rev. D14 (1976) 3432. 2. A.Belavin, A.Polyakov, A.Schwarz and Y.Tyupkin, Phys. Lett. B59 (1975) 85. 3. A. Ringwald and F. Schrempp, DESY 94-197, hep-ph/9411217. 4. M. Gibbs, A. Ringwald and F. Schrempp, DESY 95-119, hep-ph/9506392 . 5. A. Ringwald and F. Schrempp, DESY 96-203, hep-ph/9610213. 6. S. Moch, A. Ringwald and F. Schrempp, DESY 96-202 hep-ph/9609445 . 7. T. Carli, M. Gibbs, M. Kuhlen, A. Ringwald and F. Schrempp, in preparation (version used: QCDINS 1.4.1) .

8. A. Ringwald and F. Schrempp, these proceedings, hep-ph/9706399 . 9. S. Moch, A. Ringwald and F. Schrempp, these proceedings, hep-ph/9706400 . 10. H1 Collab., S. Aid et al., Z. Phys. C72 (1996) 573. 11. H1 Collab., S. Aid et al., Phys. Lett. B356 (1995) 118. 12. H1 Collab., C. Adloff et al., Nucl. Phys. B485 (1997) 3. 13. L. Lönnblad, Comp. Phys. Comm. 71 (1992) 15.

14. N. Brook et al., Proc. of the Workshop on Future Physics at HERA, Hamburg 1996, eds. G. Ingelman, A. DeRoeck and R. Klanner, vol. 2, p. 613.