EXOTIC AND HIGH Q^2 PHYSICS AT HERA

B. HEINEMANN DESY, Notkestr. 85, 22603 Hamburg, Germany

At the ep collider HERA the Q2-dependence of the cross sections for Neutral and Charged Current deep inelastic scattering have been measured by the H1 and ZEUS collaborations. Both collaborations used the data collected up to 1995 to perform also a contact interaction analysis and a search for leptoquarks. Moreover a search for excited electrons is presented and a limit on the production cross section is given.

1 Introduction

Data taken by the H1 and ZEUS collaboration during the ’93, ’94 and ’95 running periods at the ep collider HERA are presented. Protons of 820 GeV were collinding with electrons or positrons of 26.7 and 27.5 GeV respectively, resulting in a center of mass energy of √ s ≈ 300 GeV. The analysed data correspond to an integrated luminosity of ≈ 3 − 9 pb^{−1} per experiment. First the experimental setup is explained. After a short introduction in deep inelastic scattering the results on the Q^2 distribution of Charged and Neutral Current events are presented. The good agreement of the data with the Standard Model expectation allows, in the Neutral Current, case to place limits on the compositeness scale parameter Λ. An analysis is presented where the H1 and Zeus collaboration looked for leptoquarks by analysing the M and x distrbution, respectively. Finally a search for excited electrons is shown and limits on the cross section for these processes are given.

2 The Experiments

At HERA ep collisions are recorded by the experiments H1 and ZEUS. The details of the experimental setup are described elsewhere^{1,2}. For the analyses presented here the essential parts of the detectors are the drift and proportional chambers surrounding the interaction point and the calorimeters. The system of drift and proportional chambers allows the determination of the interaction point and the measurement of the momenta of charged particles. This tracking system is in case of H1 surrounded by a liquid argon calorimeter (LAr) which measures the energy with a resolution of σ(E)/E = 12% √ E ⨁ 1% for electrons and σ(E)/E = 50% √ E ⨁ 2% for pions. The calorimeter is surrounded by a solenoid providing a magnetic field of 1.2 T parallel to the beam axis. The ZEUS tracking system is operating in a magnetic field of 1.4 T. The uranium-scintillator calorimeter (UCAL) encloses the solenoid and has an energy resolution of σ(E)/E = 18% √ E ⨁ 1% and σ(E)/E = 35% √ E ⨁ 2%. Both experiments use instrumented iron return yokes to measure leakage of hadronic energy and to identify muons. The luminosity is measured by the electron and photon taggers installed in the beampipe via the Bethe-Heitler- process ep → epγ. 3 Deep Inelastic Scattering at High Q^2

3.1 Theoretical Introduction

At HERA the incident positrons are scattered on a quark inside the proton. This is known as deep inelastic scattering (DIS). The interaction is mediated by gauge bosons γ, Z (Neutral Current) or W^± (Charged Current). The Feynmandiagram of the leading order process is shown in figure 1.

Figure 1: The Feynmangraph for deep inelastic e+p scattering.

In the case of a Neutral Current (NC) interaction the final state consists of the scattered electron and the hadronic final state. The energies and angles of the electron and hadrons are measured in the detector. For Charged Current (CC) interactions only the hadronic final state can be measured, because the scattered neutrino escapes the detection. The hadronic final state consists of the current jet and the proton remnant. The main part of the remnant is lost in the beampipe.

The kinematic variables are the 4-momentum-transfer of the gauge boson

Q^2 = −(k − k^′)^2, the inelasticity y and the Bjorken scaling variable x_{Bj} = Q^2/ys In the Quark-Parton-Model (QPM) x_{Bj} can be interpreted as the momentum fraction of the proton carried by the struck quark.

The differential Born cross section for the NC process e^±p → e^±p is given 3 by

d^2σ^± dxdQ^2 = 4πα^2 Q^4x ( y^2xF̃^±_1 (x, Q^2) + (1 − y)F̃^±_2 (x, Q^2) + (y − y^2 2 )xF̃^±_3 (x, Q^2) )

F̃_1, F̃_2 and F̃_3 are the generalized proton structure functions and are including the couplings and propagator terms of the electroweak interaction and the quark densities in the proton. F̃_3 results from the interference of γ and Z^0 exchange.

The Born cross section for CC processes e^±p → νp is given by

d^2σ^− dxdQ^2 = G_F 2π M^2_W (M^2_W + Q^2)^2 ∑ q=u,c q(x, Q^2) + (1 − y)^2 ∑ q=d̄,s̄,b̄ q̄(x, Q^2)

d^2σ^+ dxdQ^2 = G_F 2π M^2_W (M^2_W + Q^2)^2 ∑ q=d,s,b q(x, Q^2) + (1 − y)^2 ∑ q=ū,c̄ q̄(x, Q^2)

G_F denoted the Fermi constant and q(x, Q^2) and q̄(x, Q^2) are the quark densities.

3.2 The measured differential Cross Sections for NC and CC events

The experimental signature of a Neutral Current interaction is the scattered positron (electron) which is well identified in the calorimeter and hadronic activity. For Charged Current processes the characteristic topology is a jet with large transverse momentum which is not balanced in the detector, because the neutrino is not detected. The kinematic variables Q^2, y and x have to be determined from the measured energies and angles of the particles in the final state. There are two angles and energies which can be used to calculate the two independent kinematic variables of the scattering process:

• the electron method can be used for NC interactions. Only the variables of the scattered electron are used, so it is independent of the hadronic final state:

y_e = 1 − E_e − E_ecosθ_e 2E^0_e

, Q^2_e = E^2_{T,e} 1 − y_e , x_e =

Q^2_e sy_e E_e is the energy, θ_e the angle of the scattered electron.

• the jacquet blondel method^6 can be used for Charged Current and Neutral Current interactions, because it only uses the observables of the hadronic final state by summing up the energy of all hadronic clusters: y_{JB} = ∑ (E − p_z) 2E^0_e

, Q^2_{JB} = ∑ (p^2_x + p^2_y) 1 − y_{JB} , x_{JB} = Q^2_{JB} sy_{JB} The measured differential cross section as a function of Q^2 for charged current and neutral current processes is shown in figure 2. Here the ZEUS result is given which is in good agreement with the published H1 data^8.

Figure 2: The cross section dσ/dQ2 for NC and CC DIS high Q2 e+p scattering.

The NC cross section falls rapidly with increasing Q^2. At values Q^2 ≪ M^2_Z it is dominated by the pure photon exchange resulting in an equal cross section for e^+p and e^−p. For Q^2 > 3000 GeV^2 the theoretical predictions for e^+p and e^−p scattering are starting to differ, because the γZ^0 interference term acquires a different sign for both channels. However, with the data collected up to 1995 the statistics at high Q^2 is too low to establish the interference term or the pure Z^0 term experimentally.

Also shown in figure 2 is the Charged Current cross section. It is much lower than the NC cross section at small values of Q^2, but becomes of comparable size around Q^2 = 10^4GeV^2. It differs for e^−p and e^+p scattering, because of the couplings to different quark flavours in the proton.

The data agree well with the Standard Model predictions over the whole Q^2 range covered. These predictions include the

• the electroweak couplings

• the parametrized parton densities functions at a starting scale Q^2_0 = 5 GeV^2 • the evolution of the parton density functions from Q^2 = Q^2_0 to higher values Q^2 according to the DGLAP^7 evolution equations.

3.3 A Contact Interaction Analysis

HERA has extended the kinematic region of deep inelastic scattering compared to fixed target experiments by an order of magnitude up to values of the fourmomentum transfer Q^2 ≈ 10^4 GeV^2. It is interesting to check the validity of the Standard Model in this new kinematic domain and to search for new phenomena. A convenient and model independent way to look for possible deviations in the cross section is the contact interaction approach. Interactions mediated by a heavy boson can be approximated by a four-fermion vertex, if the boson mass is much larger than the scale Q^2. An example for this is the Fermi theory of β-decay at low Q^2. Any evidence for a contact interaction at HERA would give an indirect indication of new phenomena. Limits placed on the size of contact interaction can be translated into limits on new physics, e.g. quark compositeness, leptoquarks or new higher mass gauge bosons (Z^′).

Contact interactions can be described by an additional term in the Lagrangian^9

L = L_{SM} + ∑ q η_{LL}(ē_Lγ_μe_L)(q̄_Lγ^μq_L) + η_{LR}(ē_Lγ_μe_L)(q̄_Rγ^μq_R) + ...

η_{if} denotes the interaction coefficient, L and R the chirality of the interacting fermion. Limits on contact interaction are typically quoted in terms of the compositeness scale parameter Λ η_{if} = ± ( g Λ^±_{if} )_2

Here the coupling strength g is unknown and conventionally set to g = √ 4π. The + and − stand for constructive or destructive interference with the Standard model amplitude, respectively.

Figure 3: The ratio of the measured differential cross section dσexp/dσGRV 94 as a function of Q2 is compared to models of Contact Interactions for two different choices of the compositeness scale parameter Λ�LR = 1.1 T eV and Λ+LR = 2.2 T eV .

In figure 3 the ratio of the measured cross section over the Standard Model prediction is shown. Within the errors it is in good agreement with 1. Also shown are two examples of a contact interaction, the distribution for destructive interference with Λ_{LR} = 1.1 T eV and for constructive interference with Λ_{LR} = 2.2 T eV .

Limits were obtained by H1^{12} and ZEUS on the compositeness scale parameter for all eight possible couplings. They are given in table 1 and compared to the limits obtained by OPAL^{10} (e^+e^− → qq̄) and CDF^{11} (qq̄ → e^+e^−).

Experiment Λ^+_{LL} Λ^−_{LL} Λ^+_{LR} Λ^−_{LR} Λ^+_{RL} Λ^−_{RL} Λ^+_{RR} Λ^−_{RR} H1 2.3 1.0 2.5 1.2 2.5 1.2 2.3 1.0 ZEUS 1.4 1.0 2.1 1.2 2.1 1.2 1.4 1.0 OPAL 2.5 2.1 2.1 2.2 2.1 2.6 2.1 2.3 CDF(DY) 1.7 2.2 - - - - - -

Table 1: Limits (95% C.L.) on the compositeness scale parameters obtained by different experiments.

4 Direct Searches for New Particles

4.1 A Search for Leptoquarks

In the Standard Model leptons and quarks interact only through the electroweak gauge bosons. Many extensions of the Standard Model discuss possible other interactions between the particles. One scenario is a coupling of quarks and leptons to so-called leptoquarks (LQ). Examples of such theories have been discussed in the context of Grand Unification and Superstring E(6) models^{13}, Technicolor^{14} and Compositeness^{15} . The leptoquark is a colour-triplet boson which carries both lepton and baryon number.

At HERA leptoquarks would be produced as an s-channel resonance from the interaction of the beam electron and one quark of the proton. They may be produced with masses up to the centre of mass energy of √ s = 300 GeV .

The production cross section and the width of the leptoquark depend on the unknown Yukawa coupling λ. The leptoquarks can decay in eq or ν_eq (first generation LQs), but may also have the possibility to violate the lepton number and decay in a different lepton (μ or τ ).

The topology of the final state of first generation leptoquarks is identical to Standard Model DIS processes. Experimentally such particles would be produced in the s-channel and hence cluster at the value of the invariant mass M_{LQ} = √ x_ps where x_p is the momentum fraction of the proton carried by the struck quark. For massless quarks in the initial and the final state, and assuming that the initial transverse momentum of the quark vanishes, x_p is equal to x_{Bj}. For the H1 analysis x_{Bj} was determined by using the measured quantities of the electron for events with eq in the final state, and using the hadronic energy flow for events with outgoing νq. The ZEUS analysis used the angles of the electron and the jet to determine x_{Bj} .

For leptoquarks with masses M_{LQ} < 250 GeV the expected measured width of a leptoquark is ≈ 10 GeV and becomes much worse at larger masses 16. In order to disentangle leptoquark events from standard DIS processes a cut on y is useful. While the cross section of DIS processes is falling steeply with increasing y scalar leptoquarks are decaying isotropically in the centre of mass system resulting in a flat y-distribution. The y-distribution for vector leptoquarks is ∝ (1 − y)^2. In the H1 analyses a mass dependent y cut was imposed while ZEUS cut on Q^2 which also suppresses the low y values.

Figure 4: The x distribution for e�p and e+p data.

Figure 4 show the x distribution as measured by ZEUS^{17} in e^−p NC data correspondig to a luminosity of 0.5 pb^{−1} and e^+p data using a luminosity of 9 pb^{−1}. In figure 5 the mass spectrum measured by H1 using a luminosity of 2.8 pb^{−1} is shown for the NC and CC channel^{18}. The H1 data are compared to the predictions for standard DIS processes. Within statistical errors there is good agreement between data and Standard Model expectation.

Figure 5: The mass distribution for e+p data for NC and CC like events. The open triangles show the data befor a mass dependent y cut was applied. The filled circles show the data after this cut that was imposed to enhance a possible signal. Both datasets are compared to a Standard Model prediction.

4.2 A Search for Excited Electrons

In composite models excited fermions are occuring naturally. At HERA they may be produced up masses of √ s = 300 GeV via the process ep → f^∗X where f^∗ denotes an excited fermion. In this note only the search for excited electrons is presented, but searches for excited neutrinos and quarks have also been performed^{19}.

An excited electron may decay into eγ, eZ or νW . The channel including a γ in the final state provides the cleanest signature in the experiment. The selection requires two electromagnetic clusters in the calorimeter. One of them is required to have a track link, the other one not. The main background is the QED Compton process (Wide Angle Bremsstrahlung WAB) which has the same signature. A minor background are two photon processes with three electrons in the final state where one electron escapes detection and the track of one of the two remaining e is not measured.

While excited electrons are expected to cluster at a fixed invariant mass of the eγ system this behaviour is not expected for the background processes. This allows to disentangle the signal from the background on statistical basis using the eγ mass spectrum.

Figure 6 shows the data as measured by H1 in e^+p scattering. The data are well described by the Monte Carlo predictions for WAB and two-photon processes.

Figure 6: The distribution of the invariant mass of the eγ system for e+p data for H1 data (closed circles) compared to Monte Carlo expectation for the two background processes.

Figure 7: Upper limits on the production cross section of excited electrons.

Searches for excited electrons have also been performed by the ZEUS collaboration for the Ze and W ν decay channels. Also there no significant deviation from Standard model expectation has been observed. Upper limits on the production cross σ · BR were derived (figure 7).

A production cross section σ · BR larger than 1 pb^−1 can be excluded at 95% C.L. for masses up to 270 GeV . The most stringent limits on the mass of these particles have been derived by various LEP experiments^{20,21,22}, they exclude masses M_e� < 81 GeV .

5 Conclusions

H1 and ZEUS have searched for deviations from the Standard model expectation and within the statistics collected up to ’95 no significant deviation was found. Both collaborations have in the meantime performed an analysis based on a significant increase of luminosity (including 1996 data)^{23,24}.

Acknowledgments

I thank Bruce Campbell and Fakir Khanna for the organization of this excellent conference. I am also thankful to the Canadian Institute for Theoretical Astrophysics (CITA) for support for the attendance.

References

1. H1 Collaboration, I. Abt et. al., DESY preprint 93-103 194pp.; idem Nucl. Instr. and Meth. A386, 1997 (in 2 parts pages:) 310-347 and 348-396.

2. ZEUS Collaboration, M. Derrick et. al., Phys.Lett. B293 (1992) 465;

ZEUS Collaboration, M. Derrick et. al.,Z. Phys. C63 (1994) 391; ZEUS Collaboration, The ZEUS detector, Status Report 1993, DESY 1993 3. M. Klein, T. Riemann, Z. Phys. C24 (1984) 151 4. C.G. Callan, D. Gross, Phys. Rev. Lett. 22 (1969) 156 5. S. Bentvelsen, J. Engelen and P. Kooijman, Proc. of the Workshop ’Physics at HERA’, W. Buchmüller and G. Ingelmann , DESY, Hamburg (1991),Vol. 1 p. 25; k. C. Hoeger, p. 43 6. A. Blondel, F. Jacquet, DESY 79-48 (1979) 391-394 7. V.N. Gribov, L.N. Lipatov, Sov. Journ. Nucl. Phys. 15 (1972) 438 G. Alatrelli, G. Parisi, Nucl. Phys. B126 (1977) 298 Yu.L.Dokshitzer, Sov. Phys. JETP 46 (1977) 641

8. H1 Collaboration, S. Aid et. al., Z.Phys.C67(1995)565 9. P. Haberl, F. Schrempp and H.-U. Martyn, Proc. of the Workshop ’Physics at HERA’, W. Buchmüller and G. Ingelmann , DESY, Hamburg (1991), Vol. 2 p. 1133 10. OPAL Collaboration, K.Ackerstaff et al., CERN-PPE/96-156, Phys.

Lett. B391 (1997) 221-234 11. A. Bodek, The CDF Collaboration, FERMILAB-CONF-96/341-E. Published Proceedings 28th International Conference on High Energy Physics (ICHEP’96), Warsaw, Poland, July 25-31, 1996.

12. H1 Collaboration, S.Aid et.al., Phys. Lett. B353(1995)578 13. J.-A. Hewett and T.G. Rizzo, Phys. Reports 183 (1989) 193. 14. E. Farhi and L. Susskind, Phys. Report. 74 (1981) 277;

L. Cashmore et al. Phys. Reports 122 (1985) 275. 15. W. Buchmüller, Acta Phys. Austr. Suppl. XXVII (1985) 517;

I. Bars, Proc. 1984 Summer Study on the SSC (Snowmass, CO), eds. R. Donaldson and J. Morphin (APF, New York 1985), p. 38 16. P. Schleper, H1 Collaboration, Published Proceedings 28th International Conference on High Energy Physics (ICHEP’96), Warsaw, Poland, July 25-31, 1996.

17. ZEUS Collaboration, Published Proceedings 28th International Conference on High Energy Physics (ICHEP’96), Warsaw, Poland, July 25-31, 1996.

18. H1 Collaboration, S. Aid et. al., Phys.Lett. B369 (1996) 173 19. H1 Collaboration, S. Aid et. al., Nucl.Phys. B483 (1997) 44 20. DELPHI Collaboration, P. Abreu et. al., Phys. Lett. B393 (1997) 245. 21. L3 Collab., M. Acciarri et al., CERN preprint CERN-PPE/97-12 22. OPAL Collaboration, K. Ackerstaff et al., Phys. Lett. B391 (1997) 197. 23. E. Elsen, these proceedings

H1 Collaboration, S. Aid et. al., Z. Phys. C74 (1997) 191. 24. J.F. Martin, these proceedings

ZEUS Collaboration, M. Derrick et. al., Z. Phys. C74 (1997) 207.