SLAC-PUB-6674 September 1994 (T/E)

PR OBING NEW PHYSICS IN RARE CHARM PR OCESSES^{∗ †}

J.L. HEWETT

Stanford Linear Accelerator Center, Stanford University, Stanford, CA 94309, USA

ABSTRACT

The possibility of using the charm system to search for new physics is addressed. Phenomena such as D^0 − D̄^0 mixing and rare decays of charmed mesons are first examined in the Standard Model to test our present understanding and to serve as benchmarks for signals from new sources. The effects of new physics from various classes of non-standard dynamical models on D^0 − D̄^0 mixing are investigated.

We examine the prospect of using one-loop processes in the charm sector as a laboratory for probing new physics. Similar processes in the K system have played a strong and historical role^1 in constraining new physics, while corresponding investigations have just begun^2 in the b-quark sector. In contrast, charm has played a lesser role in the search for new physics. Due to the effectiveness of the GIM mechanism, short distance Standard Model (SM) contributions to rare charm processes are very small. Most reactions are thus dominated by long distance effects which are difficult to reliably calculate. However, a recent estimation^3 of such effects indicates that there is a window for the clean observation of new physics in some interactions. In fact, it is precisely because the SM flavor changing neutral current (FCNC) rates are so small, that charm provides an importan t opportunit y to discover new effects, and offers a detailed test of the SM in the up-quark sector. Due to space-time limitations,^3 this talk will concentrate on D^0 − D̄^0 mixing. First, the SM predictions are reviewed, and then the expectations in various extensions of the SM are discussed. We conclude with a brief summary of SM rates for rare D meson decays.

Currently, the best limits^4 on D^0 − D̄^0 mixing are from fixed target experiments, with x_D ≡ Δ m_D /Γ < 0.083 (where Δ m_D = m_2 − m_1 is the mass difference), yielding Δ m_D < 1.3× 10^{− 13} GeV. The bound on the ratio of wrong-sign to right-sign final states is r_D ≡ Γ(D^0 → ℓ^− X)/Γ(D^0 → ℓ^+ X) < 3.7 × 10^{− 3}, where

r_D ≈ 1 2 [( Δ m_D Γ )_2 + ( ΔΓ 2Γ )_2]

, (1)

∗Work Supported by the Departmen t of Energy, Contract DE-AC03-76SF00515 †Presen ted at the Meeting of the American Physical Society, Division of Particles and Fields (DPF’94) , Albuquerque, NM, August 2-6, 1994

1 in the limit Δ m_D /Γ,ΔΓ /Γ ≪ 1. Several high volume charm experiments are planned for the future, with 10^8 charm mesons expected to be reconstructed. Several rare processes, including D^0 − D̄^0 mixing, can then be probed another 1− 2 orders of magnitude below present sensitivities.

The short distance SM contributions to Δ m_D proceed through a W box diagram with internal d,s, b-quarks. In this case the external momentum, which is of order m_c, is communicated to the light quarks in the loop and can not be neglected. The effective Hamiltonian is

H^{Δ c=2}_{ef f} =

G_F α 8 √ 2πx_w [ |V_{cs}V^∗_{us} |^2 ( I^s_1O − m^2_cI^s_2O^′ ) + |V_{cb}V^∗_{ub}|^2 ( I^b_3O − m^2_cI^b_4O^′ )] , (2)

where the I^q_j represent integrals^5 that are functions of m^2_q/M^2_W and m^2_q/m^2_c, and O = [ūγ_μ (1 − γ_5)c]^2 is the usual mixing operator while O^′ = [ū(1 + γ_5)c]^2 arises in the case of non-vanishing external momentum. The numerical value of the short distance contribution is Δ m_D ∼ 5 × 10^{− 18} GeV (taking f_D = 200MeV). The long distance contributions have been computed via two different techniques: (i) the intermediate particle dispersive approach yields^{3,6} Δ m_D ∼ 10^{− 4}Γ ≃ 10^{− 16} GeV, and (ii) heavy quark effective theory which results^7 in Δ m_D ∼ (1 − 2) × 10^{− 5}Γ ≃ 10^{− 17} GeV. Clearly, the SM predictions lie far below the present experimental sensitivit y!

One reason the SM expectations for D^0 − D̄^0 mixing are so small is that there are no heavy particles participating in the box diagram to enhance the rate. Hence the first extension to the SM that we consider is the addition^8 of a heavy Q = − 1/3 quark which may be present, e.g., as an iso-doublet fourth generation b^′-quark, or as a singlet quark in E_6 grand unified theories. The current bound^4 on the mass of such an object is m_b′ > 85GeV, assuming that it decays via charged current interactions. We can now neglect the external momentum and Δ m_D is given by the usual expression,^9

Δ m_D =

G^2_F M^2_W m_D

6π^2 f^2_D B_D |V_{cb}′V^∗_{ub}′|^2F (m^2_b′/M^2_W ) . (3)

The value of Δ m_D is displayed in this model in Fig. 1a as a function of the overall CKM mixing factor for various values of the heavy quark mass. We see that Δ m_D approaches the experimental bound for large values of the mixing factor. A naive estimate in the four generation SM yields^4 the restrictions |V_{cb}′| < 0.571 and |V_{ub}′| < 0.078.

Another simple extension ofthe SM is to enlarge the Higgs sector by an additional doublet. First, we examine two-Higgs-doublet models which avoid tree-level FCNC by introducing a global symmetry. Two such models are Model I, where one doublet (ϕ_2) generates masses for all fermions and the second (ϕ_1) decouples from the fermion sector, and Model II, where ϕ_2 gives mass to the up-type quarks, while the down-type quarks and charged leptons receive their mass from ϕ_1. Each doublet receives a vacuum expectation value v_i, subject to the constrain t that v^2_1 + v^2 = v^2_{SM}. The charged Higgs boson present in these models will participate in the box diagram for Δ m_D . The H^± interactions with the quark sector are governed by the Lagrangian L = g 2 √ 2M_W

H^± [V_{ij} m_{ui} A_uū_i(1 − γ_5)d_j + V_{ij} m_{dj} A_dū_i(1 + γ_5)d_j ]+ h.c., (4)

2 with A_u = cot β in both models and A_d = − cot β(tan β) in Model I(II), where tan β ≡ v_2/v_1. The expression for Δ m_D in these models can be found in Ref. (9). ¿From the Lagrangian it is clear that Model I will only modify the SM result for Δ m_D for very small values of tan β, and this region is already excluded^{2,10} from b→ sγ and B^0_d − B^0_d mixing. However, enhancements can occur in Model II for large values of tan β, as demonstrated in Fig. 1b.

Next we consider the case of extended Higgs sectors without natural flavor conservation. In these models the above requirement of a global symmetry which restricts each fermion type to receive mass from only one doublet is replaced^{11} by approximate flavor symmetries which act on the fermion sector. The Yukawa couplings can then possess a structure which reflects the observed fermion mass and mixing hierarchy. This allows the low-energy FCNC limits to be evaded as the flavor changing couplings to the light fermions are small. We employ the Cheng-Sher ansatz,^{11} where the flavor changing couplings of the neutral Higgs are λ_h0_{f i f j} ≈ ( √ 2G_F )^{1/2}√ m_im_j Δ_{ij} , with the m_{i(j )} being the relevant fermion masses and Δ_{ij} representing a combination of mixing angles. h^0 can now contribute to Δ m_D through tree-level exchange and the result is displayed in Fig. 2a as a function of the mixing factor. D^0 − D̄^0 mixing can also be mediated by h^0 and t-quark virtual exchange in a box diagram, however these contributions only compete with those from the tree-level process for large values of Δ_{ij} . In Fig. 2b we show the constrain ts placed on the parameters of this model from the present experimental bound on Δ m_D for both the tree-level and box diagram contributions.

The last contribution to D^0 − D̄^0 mixing that we will discuss here is that of scalar leptoquark bosons. Leptoquarks are color triplet particles which couple to a lepton-quark pair and are naturally present in many theories beyond the SM which relate leptons and quarks at a more fundamental level. We parameterize their a priori unknown couplings as λ^2_{ℓq}/4π = F_{ℓq}α. They participate in Δ m_D via virtual exchange inside a box diagram,^{12} together with a charged lepton or neutrino. Assuming that there is no leptoquark-GIM mechanism, and taking both exchanged leptons to be the same type, we obtain the restriction

F_{ℓc}F_{ℓu} m^2_{LQ} < 196π^2Δ m_D (4παf_D )^2m_D

. (5)

The resulting bounds in the leptoquark coupling-mass plane are presented in Fig. 3.

We close our discussion by displaying the expected branching fractions for various rare charm decay modes in the SM in Table 1. We present both the short distance predictions (neglecting QCD corrections, which may be importan t in some decay modes), an upper bound on the long distance estimates, as well as the current experimental limits.^{4,13} For more details we refer the reader to Ref. (3). We urge our experimental colleagues to continue the search for rare charm processes!

References

1. See, for example, G. Beall, M. Bander, and A. Soni, Phys. Rev. Lett. 48, 848 (1982);

J. Ellis and D.V. Nanopoulos, Phys. Lett. 110B , 44 (1982).

3

2. E. Thorndik e, in 27th International Conference on High Energy Physics, Glasgow, Scotland, August, 1994; J.L. Hewett in 21st SLAC Summer Institute on Particle Physics, Stanford, CA, July 1993.

3. For further details, see, G. Burdman, E. Golowich, J. Hewett, and S. Pakvasa, Phys.

Rep. (in preparation). 4. L. Montanet et al., Particle Data Group, Phys. Rev. D50 , 1173 (1994). 5. A. Datta, Z. Phys. C27 , 515 (1985). 6. G. Burdman in CHARM2000 Workshop, Fermilab, June 1994; J. Donoghue et al., Phys. Rev. D33 , 179 (1986).

7. H. Georgi, Phys. Lett. B297 , 353 (1992); T. Ohl et al., Nucl. Phys. B403 , 605 (1993).

8. K.S. Babu et al., Phys. Lett. B205 , 540 (1988); T.G. Rizzo, Int. J. Mod. Phys. A4, 5401 (1989).

9. T. Inami and C.S. Lim, Prog. Theor. Phys. 65, 297 (1981). 10. V. Barger, J.L. Hewett, and R.J.N. Phillips, Phys. Rev. D41 , 3421 (1990). 11. S. Pakvasa and H. Sugawara, Phys. Lett. 73B , 61 (1978); T.P. Cheng and M.

Sher, Phys. Rev. D35 , 3484 (1987); L. Hall and S. Weinberg, Phys. Rev. D48 , 979 (1993).

12. S. Davidson, D. Bailey, and B.A. Campb ell, Z. Phys. C61 , 613 (1994). 13. M. Selen, CLEO Collaboration, talk presented at APS Spring Meeting, Washington D.C., April 1994; J. Cumalet, talk presented at Workshop on the Tau-Charm Factory in the Era of B-Factories and CESR, SLAC, Stanford, CA, August 1994.

4

Decay Mode Experimental Limit B_{S.D.} B_{L.D .} D^0 → μ^+ μ^− < 1.1 × 10^{− 5} (1 − 20) × 10^{− 19} < 3 × 10^{− 15} D^0 → μ^± e^∓ < 1.0 × 10^{− 4} 0 0 D^0 → γγ — 10^{− 16} < 3 × 10^{− 9} D → X_u + γ 1.4 × 10^{− 17} D^0 → ρ^0γ < 1.4 × 10^{− 4} < 2 × 10^{− 5} D^0 → ϕ^0γ < 2.0 × 10^{− 4} < 10^{− 4} D^+ → ρ^+ γ — < 2 × 10^{− 4} D → X_u + ℓ^+ ℓ^− 4 × 10^{− 9} D^0 → π^0μμ < 1.7 × 10^{− 4} D^0 → K̄^0ee/μμ < 17.0/2.5 × 10^{− 4} < 2 × 10^{− 15} D^+ → π^+ ee/μμ < 250/4.6 × 10^{− 5} few× 10^{− 10} < 10^{− 8} D^+ → K^+ ee/μμ < 480/8.5 × 10^{− 5} < 10^{− 15} D^0 → X_u + νν̄ 2.0 × 10^{− 15} D^0 → π^0νν̄ — 4.9 × 10^{− 16} < 6 × 10^{− 16} D^0 → K̄^0νν̄ — < 10^{− 12} D^+ → X_u + νν̄ — 4.5 × 10^{− 15} D^+ → π^+ νν̄ — 3.9 × 10^{− 16} < 8 × 10^{− 16} D^+ → K^+ νν̄ — < 10^{− 14}

Table 1. Standard Model predictions for the branching fractions due to short and long distance contributions for various rare D meson decays. Also shown are the curren t experimental limits.

5

Fig. 1: Δ m_D in (a) the four generation SM as a function of the CKM mixing factor with the solid, dashed, dotted, dash-dotted curve corresponding to m_b′ = 100,200,300,400 GeV, respectively. (b) in two-Higgs-doublet model II as a function of tan β with, from top to bottom, the solid, dashed, dotted, dash-dotted, solid curve representing m_H ± = 50,100,250,500,1000GeV. The solid horizontal line corresponds to the present experimental limit.

Fig. 2: (a) Δ m_D in the flavor changing Higgs model described in the text as a function of the mixing factor with m_h0 = 50,100,250,500,1000GeV corresponding to the solid, dashed, dotted, dash-dotted, solid curve from top to bottom. (b) Constrain ts in the mass-mixing factor plane from Δ m_D from the tree-level process (solid curve) and the box diagram (dashed).

Fig. 3: Constrain ts in the leptoquark coupling-mass plane from Δ m_D .

6

Fig. 1a

7

Fig. 1b

8

Fig. 2a

9

Fig. 2b

10

Fig. 3

11