hep-ph/9704317 14 Apr 97

DESY 97-066 ISSN 0418-9833

ZU-TH 9/97

April 1997

Constraints on the Universal Contact Interaction

W. Buchmüller

Deutsches Elektronen-Synchrotron DESY, 22603 Hamburg, Germany and D. Wyler

Institut für Theoretische Physik, Universität Zürich, Zürich, Switzerland

Abstract

Forces beyond those of the standard model may manifest themselves at low energies as four-fermion contact interactions. If these new forces are independent of colour and flavour quantum numbers including baryon and lepton number, then all low energy constraints, arising from quark-lepton universality, flavour-changing neutral currents and atomic parity violation are evaded. This is due to the global U(45) symmetry which the standard model exhibits in the limit of vanishing gauge and Yukawa couplings. The corresponding contact interaction is a unique currentcurrent interaction. Constraints from LEP2 imply that this universal contact interaction cannot be the origin of the recently observed high-Q^2 events at HERA.

The success of the standard model of strong and electroweak interactions is partially related to its approximate global symmetries which ‘explain’ certain numerical relations. One example is the ‘custodial’ SU(2)_R symmetry [1] under which right-handed fermions and the Higgs field Φ = (φ, φ̃), with φ̃^i = ϵ^{ij}φ^∗_j , transform as doublets. In the case of unbroken SU(2)_R the masses of up- and down-type quarks are equal and the ρ-parameter equals one. If, furthermore, the masses of all up- and down-type quarks are equal, one has an additional U(n_f ) family symmetry (n_f =3) under which left- and right-handed quarks transform into each other. This implies a perfect GIM cancellation [2], i.e., the absense of flavour changing couplings of the Z-boson to any order in perturbation theory.

The observed suppression of flavour changing neutral currents imposes strong constraints on extensions of the standard model (see, e.g., [3]). An interesting example is the rare kaon decay mode K_L → e^−μ^+. In extensions of the standard model with couplings of quark-lepton pairs to new states electron and muon number are in general not separately conserved. In this case the (unobserved) K_L decay process can be forbidden by the global symmetry U(4n_f )⊃SU(4)⊗U(n_f ), where SU(4) is the Pati-Salam group containing SU(3) colour and the U(1) of lepton number, and U(n_f ) is a family symmetry [4]. Alternatively, the dangerous kaon decay mode may be prevented by means of a separate family symmetry for quarks and leptons, i.e., by the symmetry group U_q(n_f )⊗U_l(n_f )[5].

Imposing SU(2)_L⊗SU(2)_R⊗U(4n_f ) as an approximate global symmetry, broken only by gauge interactions, requires a right-handed neutrino, and it reduces all Yukawa couplings of the standard model to a single one. Setting this Yukawa coupling as well as the gauge couplings equal to zero yields the largest possible global symmetry, U(48), or, in the absense of right-handed neutrinos, U(45). In this limit all fermions are treated completely equal.

Is it conceivable that the excess of high-Q^2 events in e^+p deep-inelastic scattering, which has been reported by the collaborations H1 [6] and ZEUS [7] at HERA, is due to an electron-quark contact interaction [8, 9]. Recent analyses show that such an interpretation is consistent with results on Drell-Yan lepton-pair production at the Tevatron as well as bounds on the cross section e^+e^− → hadrons obtained at LEP2 [10, 11, 12, 13]. A severe constraint on allowable contact interactions is imposed by the low energy precision measurements of atomic parity violation [14]. As recently pointed out, also this constraint can be met by a symmetry, the SU(12) invariance with respect to transformations among the different quark states u_L, d_L, u^c_R, d^c_R of the first generation [15].

The constraints from rare processes represent a severe problem for any interpretation of the HERA data in terms of physics beyond the standard model. In order to avoid them, one is naturally led to consider forces which are independent of the colour and flavour of the known quarks and leptons. An example is a strong new U(1) gauge interaction which may lead to a plethory of new resonances, including leptoquark states [12]. In this note we consider constraints on contact interactions which are universal for all fermions and therefore invariant under the largest possible approximate global symmetry of the standard model, i.e., the group U(45).

The 45 Weyl fermions of the standard model are, in obvious notation, represented by the spinor, Ψ^A_L = (q_L, u^c_R, d^c_R, l_L, e^c_R) , (1)

where we have dropped colour, weak isopin and generation indices. U(45) invariant fourfermion contact interactions can be constructed from the scalar and vector densities

Ψ̄^{cA}_L Ψ^B_L , Ψ̄_{LA}γ_μΨ^B_L . (2)

One easily verifies that all invariants which one may naively write down are, via a Fierz transformation and group theoretical identities, related to the following unique contact interaction, L_U = ϵ 2π Λ^2

J^μJ_μ , (3)

where ϵ = ±1 and J_μ = ūγ_μγ_5u + d̄γ_μγ_5d + ēγ_μγ_5e + ν̄_Lγ_μν_L . (4)

Here we have used the identity χ̄^cγ_μχ^c = −χ̄γ_μχ, and the sum over all generations is understood. Note, that the current J_μ is purely axial except for the neutrino contribution where the right-handed partner is absent in the standard model. This special form can be easily understood. The maximal symmetry U(45) implies that the contact interaction between all fermion states of the same chirality is identical. If two fermion states can be identified as the left-handed and right-handed components of a massive Dirac fermion, only the linear combination f̄_Lγ_μf_L + f̄^c_Rγ_μf^c_R can couple to other fermion states. This linear combination corresponds to an axial current. For a vector current the relative sign would be opposite.

The universal contact interaction L_U is clearly compatible with the SU(5) unification of gauge interactions hinted at by the standard model and its supersymmetric extension. Demanding further the SU(12) symmetry which guarantees that the constraint from atomic parity violation is fulfilled [15], one is lead to the maximal symmetry U(15) for the first family. Suppression of the decay K_L → e^−μ^+ appears to require at least the family symmetry U(n_f ), n_f =3. One easily verifies that the most general contact interaction which is invariant under U(15)⊗U(3) is also invariant under the larger symmetry U(45). Hence, it appears difficult to avoid this large global symmetry for a contact interaction which is compatible with the unification of gauge interactions and which satisfies all low energy constraints without fine tuning of parameters.

It is remarkable that the contact interaction L_U is essentially invisible in rare processes. It conserves parity for the interactions of charged particles, hence it is unconstrained from atomic parity violation measurements. Further, J_μ is a universal and flavour diagonal neutral current; consequently contraints from quark-lepton universality in charged current interactions or bounds on flavour changing neutral currents do not apply. There is no contribution to the leptonic decay of π^0 as J_μ is an isoscalar current. Also isoscalar meson decays yield no relevant constraint: the contribution of the contact interaction to η → μ^+μ^− is suppressed since η is predominantly an SU(3) octet; η^′, on the other hand, is very broad and the decay η^′ → e^+e^− is chirally protected, i.e., Γ ∝ m^2_e.

To see explicitly, how weak the low energy constraints on the contact interaction L_U are, consider the decay η → μ^+μ^− which gives the strongest bound. Since the experimental, and even more so the theoretical error on the decay rate [16] is of the same order as the decay rate itself, one can obtain a rough estimate of the bound on Λ by demanding that the contact interaction L_U does not yield a decay rate larger than the measured one. The decay rate is given by

Γ_U (η → μ^+μ^−) ≃ 3 2π sin^2 Θ_P (4π Λ^2

)_2

f^2_η0 m^2_μm_η ( 1 − 4m^2_μ m^2_η

)_1/_2

. (5)

Here f_η0 , m_μ, m_η and Θ_P are the η^′-decay constant, muon mass, η-mass and η-η^′ mixing angle, respectively. Demanding Γ_U < Γ_{exp} and using the measured values for the various parameters [17], one obtains the lower bound on the mass scale Λ,

Λ > 15 GeV . (6)

This bound is two orders of magnitudes smaller than typical values obtained from highenergy experiments!

The universal contact interaction L_U does contribute to deep-inelastic scattering via the contact term L_{eq} = ϵ 4π Λ^2 ēγ^μγ_5e ( ūγ_μγ_5u + d̄γ_μγ_5d ) . (7)

In the usual notation, L_{CI} = ∑ i,j=L,R; q=u,d η^q_{ij} ē_iγ^μe_i q̄_jγ_μq_j , (8)

the contact interaction L_{eq} corresponds to the choice η^u_{LL} = η^u_{RR} = −η^u_{RL} = −η^u_{LR} = ϵ 4π Λ^2

, (9)

η^d_{ij} = η^u_{ij} . (10)

At large values of Q^2, where an excess of events has been observed at HERA, the contribution of the LL- and RR-terms is small compared to those of the RL- and LR-terms. Also the contribution from down-quarks is small compared to the one from up-quarks. From the analysis in [13] it is then clear that a good description of the HERA data is obtained for the choice ϵ = −1 and Λ ≃ 3 TeV.

The universal contact interaction L_U also contributes to purely leptonic processes, L_{el} = ϵ 4π Λ^2 ēγ^μγ_5e (1 2 ēγ_μγ_5e + μ̄γ_μγ_5μ + τ̄ γ_μγ_5τ ) . (11)

This contact interaction, however, is strongly contrained by data from LEP2. An analysis of the OPAL collaboration yields for a universal leptonic axial-current current interaction (ϵ = −1, i.e., AA^− [18]), Λ > 5 TeV , (12) which is significantly larger than the value needed to explain the HERA data.

We conclude that the universal contact interaction L_U cannot be the origin of the observed excess of high-Q^2 events at HERA. If due to new physics, sizeable quark-lepton symmetry breakings or new particles must exist.

We wish to thank P. Herczeg, F. Schrempp and P. M. Zerwas for helpful discussions.

References

[1] P. Sikivie, L. Susskind, M. Voloshin and V. Zakharov, Nucl. Phys. B173 (1980) 189 [2] S. L. Glashow, J. Iliopoulos and L. Maiani, Phys. Rev. D2 (1970) 1285 [3] W. Buchmüller and D. Wyler, Nucl. Phys. B268 (1986) 621 [4] O. W. Greenberg, R. N. Mohapatra and S. Nussinov, Phys. Lett. 148B (1984) 465 [5] M. Suzuki, LBNL-40111 (1997), hep-ph/9703316 [6] H1 collaboration, C. Adloff et al., DESY 97-24 (1997), hep-ex/9702012 [7] ZEUS collaboration, J. Breitweg et al., DESY 97-25 (1997), hep-ex/9702015 [8] R. Rückl, Phys. Lett. B129B (1983) 363 [9] P. Haberl, F. Schrempp and H.-U. Martyn, in Physics at HERA, eds. W. Buchmüller and G. Ingelman, DESY (1992) p. 1133 [10] G. Altarelli, J. Ellis, G. F. Giudice, S. Lola and M. L. Mangano, CERN-TH/97-40, hep-ph/9703276 [11] J. Kalinowski, R. Rückl, H. Spiesberger and P. M. Zerwas, DESY 97-038, hepph/9703288 [12] K. S. Babu, C. Kolda, J. March-Russell and F. Wilczek, IASSNS-HEP-97-04, hepph/9703299 [13] V. Barger, K. Cheung, K. Hagiwara and D. Zeppenfeld, MADPH-97-991, hepph/9703311 [14] P. Langacker, Phys. Lett. B256 (1991) 277 [15] A. E. Nelson, UW/PT-97/07 (1997), hep-ph/9703379 [16] P. Herczeg, in Rare Decays of Light Mesons, Gif-sur Yvette 1990, ed. B. Mayer, Editions Frontieres, 1990, p. 97 [17] Review of Particle Properties, Phys. Rev. D54 (1996) 1 [18] OPAL collaboration, G. Alexander et al., Phys. Lett. B387 (1996) 432; K. Ackerstaff et al., Phys. Lett. B391 (1997) 221