Standard Model tests and new physics at LEP Riccardo Faccini INFN Rome and University of California S. Diego

Abstract. The stringent tests of the Standard Model performed with LEP data taken between 1989 and 1995 severely constrain the possible sources of new physics beyond it. The most recent measurements of the Standard Model parameters obtained with more than 20 million Z boson decays are summarized and interpreted from this point of view. The data collected by LEP at higher energies allow to investigate the direct production of new particles. The status of the searches for new particles, other than Higgs bosons and supersymmetric partners is reported.

I INTRODUCTION

In the years between 1989 and 1995, the four LEP experiments collected overall more than 20 million Z bosons. About 100 pb^{−1} were collected per experiment at center of mass energy √ s∼M_Z, and 40pb^{−1} approximately two GeV above and below. Since November 1995 the beam energy has been increased. The center of mass energy passed the W pair-production threshold in 1996 and the Z pair one in 1997. The integrated luminosities collected per experiment are approximately 6, 11, 12 and 55 pb^{−1} at √ s=130-140, 161, 172 and 183 GeV respectively(LEP2).

The analysis of LEP1 data is almost finalized and it yields a very precise measurement of the Standard Model parameters. The level of accuracy is such that the comparison of the results with the predicted radiative corrections severely limits the existence of new physics.

The LEP2 project is still going on and each upgrade in energy opens new accessible phase space for the production of new particles. Among the possible extensions of the Standard Model that the LEP experiments are able to probe, this article reviews:

• those predicted by compositeness models.

The possibility to explain the mass hierarchy of the existing particles as a spectrum of particles composed of smaller constituent has appealed physicists for a long time [1]. Most of the models developed have the additional advantage that dynamic symmetry breaking can occur without requiring the existence of the Higgs boson, the major missing piece of the Standard Model [2]. As far as new particles are concerned, these models predict the existence of excited states of the known particles that decay in the stable ones emitting a gauge boson. The binding forces (TechniColour, TC) are typically strong enough to give contributions to the electroweak radiative corrections and indeed these models are probed at LEP1. In addition particles carrying both leptonic and barionic number are predicted (leptoquarks [3]).

• models predicting more than four families. The next sequential family can either have a neutral leptonic component (N) lighter than the charged one (C) ore vice-versa. Since the existence of other massless N particles is excluded, in this scenario the mixing between families is very likely so that C and N particles can also decay into ordinary leptons.

• generic contact interaction models. New interactions mediated by bosons with masses well above the center of mass energies can be approximated by fourfermion vertices, resulting therefore in deviations from the Standard Model cross sections and asymmetries of the fermion pair-production (e^+e^−→ff).

II ELECTROWEAK TESTS AT LEP1

The measurements of the properties of the Z boson decays can be divided in two sets, the cross sections and the asymmetries. Preliminary results based on the full data set collected at LEP1 are discussed here.

The cross section measurements of the processes e^+e^−→Z→ff are related to the couplings of the Z boson to the fermion f, the Z mass and total width via

σ^0_{ff} =

12πΓ_{ee}Γ_ff

M^2_ZΓ^2_Z

Γ_ff ∝ (g_{V,f}^2 + g_{A,f}^2)

where σ^0_{ff} are the peak cross sections, Γ are the decay widths and g_{A,V} are the axial and vector couplings. Measuring cross sections as a function of the center of mass energy close to √ s=M_Z allows the determination of M_Z Γ_Z and the individual Γ_ff . To this aim good measurements of the integrated luminosity collected,which has an error smaller than 0.1% since 1994, and of the center of mass energy are both crucial. The current leakage into LEP of some current of the close-by railway (the so called “train effect”) has been understood [4] so that the present error are reduced below all the other experimental systematics. With this improvement the present measurement of the mass and the width of the Z are:

M_Z = 91186.7 ± 2.0 MeV Γ_Z = 2494.8 ± 2.5 MeV

Among the cross section measurements the most sensitive to new physics are those involving heavy quarks since in most of the models the coupling of the new particles is proportional to the masses. While on partial statistics there were indications of deviations of Γ_{cc} and Γ_{bb} from the predictions the analysis of the full data samples shows no significant discrepancy (see figure 1a).

(a) (b)

FIGURE 3. a) Fermion pair-production cross section as a function of the center of mass energy (E_{cm}). The reduced cross-section of the “non-radiative events” (q^{s0}_s > 0.9) is also reported. b) Excluded scalar leptoquark couplings as a function of the leptoquark mass hypothesis in case of spin zero. Similar exclusions are obtained for vector leptoquarks.

where Λ is the scale of new physics and η_{ij} are the relative couplings of the chiral states. Atomic parity violation measurement strongly favour the hypothesis |η_{ij}| = 1, and this is therefore assumed hereafter. The models taken into consideration differ for the assumed η_{ij}, as shown in table 1. The possibility that the new interaction couples only with the leptons, the up-type quarks or the down-type quarks have been considered separately [12]. As shown in figure 3a no evidence for deviations is observed and this translates into limits at 95% confidence level on the compositeness scale Λ. The two solutions, corresponding to a simultaneous change of sign of all the η_{ij}, are considered. The regions excluded by at least one LEP experiment, in case Standard Model like couplings are assumed, are reported in the table.

If the hypothesis of high mass of the intermediate boson is released the fermion pair-production studies are sensitive also to the presence of leptoquarks. Com-

Model LL RR LR RL VV AA V0 A0 η_{LL} ±1 0 0 0 ±1 ±1 ±1 0 η_{RR} 0 ±1 0 0 ±1 ±1 ±1 0 η_{LR} 0 0 ±1 0 ±1 ∓1 0 ±1 η_{RL} 0 0 0 ±1 ±1 ∓1 0 ±1 Λ_+(TeV) < 6.1 5.9 6.4 6.9 11.8 8.4 10.1 9.6

Λ�(TeV) < 5.6 5.1 6.1 6.1 9.7 9.5 7.5 7.9

TABLE 1. Models of contact interaction considered. The parameters η_{ij} (i, j = L, R) define to which helicity amplitudes the contact interaction contributes. The excluded compositeness scales at 95% C.L. by any of the LEP experiments are also reported in the assumption that the relative coupling of the new interaction between leptons and hadrons is the same as in the Standard Model.

positeness model trying to explain the excess of high Q^2 events at Hera in 1996 [13] suggested that deviations should also be seen in the e^+e^−→qq cross section at LEP2 [14]. With this interpretation the exchange of a leptoquark in the t-channel would give an enhancement in the hadronic cross section. The contribution to the Lagrangian would then be the same as L_{ci} having replaced Λ with the propagator. Limits can therefore be set on the coupling for a given mass hypothesis (see figure 3). It can be noted that the region M_X ∼ 200 GeV where the Hera signal was more likely to be, is partially covered by these searches.

B Sequential Heavy Leptons

Another possible extension of the Standard Model is the existence of more than three lepton families. Several scenarios are possible depending on the masses of the additional neutral (M_N) and charged (M_C) leptons.

In case M_C > M_N, the neutral lepton would be stable and masses M_N <^{MZ}_2 are already excluded at 95% C.L. by LEP1 data. Decays Z→NN would in fact increase the invisible width of the Z boson [7]

Γ_{n.p.} = Γ_Z − Γ_{had} − X l Γ_l < 2.9MeV @95% C.L.

where the sum runs over all charged and neutral leptons, or as an increase of the number of events with only a single photon from initial state radiation. The single photon cross section measurement at LEP1 can be converted in a measurement of the numer of families. The most precise measurement is N_ν = 2.98 ± 0.10 [15].

If the neutral lepton is massive the main search channel of the new family is the pair-production of the charged lepton that decays into the neutral one and a W boson. The visible energy decreases as the two masses become closer. Ultimately if the two masses are close enough the charged lepton lifetime becomes long enough that it is stable in the detector. This scenario is studied in detail because the signatures involved are similar to the chargino production in some supersymmetric models.

FIGURE 4. Mass separation power of the ionization in the TPC and of the Chereckov angle in the RICH of the Delphi experiment.

Heavy charged stable particles would be mainly identified in the tracking chambers and in the Cherenkov detectors given their low speed (see figure 4a). No evidence for signal is reported and production cross sections larger than about 0.2 pb are excluded for M_C < 87 GeV at 95% C.L. [16].

In case M_N > M_C the main signature is the production of a pair of W bosons and two additional charged leptons (N→lW). Since M_N≠ 0, the mixing among leptons is natural and different searches are performed depending on which family the fourth one couples most. The analysis also depends on whether the neutral leptons are Majorana or Dirac type objects: on one side the production cross section of the processes e^+e^−→NN and e^+e^−→NN would be different, on the other, in case of Majorana objects the two leptons produced in the events could have equal signs. The LEP2 data do not show evidence of such events and the existence of Dirac (Majorana) neutral heavy lepton is excluded at 95% C.L. for M_N < 86.3(72.5), 87.7(74.9) and 75.4 (63.6) GeV assuming they couple exclusively to the three families respectively.

C Compositeness and excited particles

Among the predictions of the composite models [1], the existence of new leptons that are excited bound states of the same constituents as the ordinary ones can be tested at LEP2. In electron-positron annihilation the excited leptons can be either pair-produced (e^+e^−→l^∗l^∗) or produced in pair with an ordinary lepton of the same generation(e^+e^−l^∗l). In the first case the coupling of the photon or the Z boson with the lepton pair is assumed to be equal to the one with ordinary matter and the production cross section is a function of the mass of the excited lepton only. The production cross section of the single production depends also on the strength of the interaction between ordinary and excited leptons:

L_{eff} = λ 4m_l�

Ψ_l^∗σ^{μν} (gf−→τ −−→ W_{μν} + g^′f^′YB_{μν} )Ψ_l (2)

Finally the existence of the excited leptons of the first generation could also give contribution to the e^+e^−→VV( V=γ,W and Z) production via the t-channel.