arXiv:hep-ph/0703270v3 5 Jun 2007

D − D̄ mixing constraints on FCNC with a non-universal Z^′

Xiao-Gang He^∗ Department of Physics and Center for Theoretical Sciences, National Taiwan University, Taipei, Taiwan

G. Valencia^† Department of Physics, Iowa State University, Ames, IA 50011 (Dated: June 6, 2007)

Abstract

The BaBar and Belle collaborations have recently reported evidence for D^0 − D̄^0 mixing. This measurement provides the first significant constraint on FCNC in the up-quark sector for nonuniversal Z^′ models. Attributing the observed D − D̄ mixing to new physics, we comment on the resulting rare D and t decays. We also show that a CP violating semileptonic asymmetry as large as ∼ 30% is allowed by the experimental results.

∗Electronic address: hexg@phys.ntu.edu.tw †valencia@iastate.edu

Mixing between a neutral meson with specific flavor and its anti-meson is a very interesting phenomena in particle physics. There are several systems where such mixing has been observed [1]: K^0 − K̄^0; B^0_d − B̄^0_d ; and B^0_s − B̄^0_s . All these cases involve mesons made of valence down-type quarks. In principle, a neutral meson made of up-type quarks should also exhibit mixing, as in the D^0 − D̄^0 system [2]. Evidence for D^0 mixing has been recently reported, assuming CP conservation, by the BaBar [3] x^{′2} = (−0.22 ± 0.30(stat.) ± 0.21(syst.)) × 10^{−3}, y^′ = (9.7 ± (stat.)4.4 ± 3.1(syst.)) × 10^{−3}, (1) and Belle collaborations [4] x = (0.80 ± 0.29(stat.) ± 0.17(syst.))%, y = (3.3 ± 2.4(stat.) ± 0.15(syst.))% y_{CP} = (1.31 ± 0.32(stat.) ± 0.25(syst.))%. (2) No evidence for CP violation was observed.

Mixing in the K^0 − K̄^0 and B^0_d − B̄^0_d systems has been known for quite some time. It has provided valuable information about the Standard Model (SM) as well as very stringent constraints on possible new physics. The first observation of B_s − B̄_s mixing was reported last year by the CDF collaboration [5], in agreement with the two sided bound obtained by the D0 collaboration [6]. The combined result is in agreement with the standard model prediction at the 1σ level [7], with the measurement being slightly below the central value of the overall standard model fit. This measurement has been used to constrain many new physics possibilities, including non-universal Z^′ models [8, 9].

D^0 − D̄^0 mixing provides an additional handle on flavor physics within and beyond the SM. Within the SM, short distance contributions to D mixing are small [2, 10, 11]. Long distance contributions can be much larger, but they suffer from considerable uncertainty [2]. The BaBar and Belle results, Eq. 1 and Eq. 2, can therefore be attributed to Standard Model physics, but there is ample room for new physics contributions [2].

There are several scenarios beyond the SM in which it is natural to obtain large D^0 − D̄^0 mixing, such as fourth generation models [12, 13], SUSY extensions of the SM and others [2]. In this note we study the implications of the D mixing data on a class of non-universal Z^′ models. In these models, the flavor changing neutral currents (FCNC) generated by treelevel Z^′ exchange induce mixing in mesons made of down and up type quarks, albeit with arbitrary strengths. The D mixing measurement provides the first significant constraint on the strength of these FCNC. With this input, the models allow enhancements in the rates for rare D decays which remain too small for observation, and relatively larger rare top decays.

The parameters describing D^0 − D̄^0 mixing are usually indicated by x = Δm/Γ and y = ΔΓ/2Γ. There are several ways these parameters can be determined. BaBar measured the mixing using the wrong-sign D^0 → K^+π^− decay. In this case the two directly measured parameters are x^′ = x cos δ_{Kπ} + y sin δ_{Kπ} and y^′ = −x sin δ_{Kπ} + y cos δ_{Kπ} if there is no CP violation. Here δ_{Kπ} is the CP conserving strong phase between the amplitudes for the doubly-Cabbibo-suppressed and the Cabbibo-favored decays [2]. The Belle collaboration measured x by analyzing the Dalitz plot for D^0 → K^0_S π^+π^−, and measured y_{CP} defined as, y_{CP} = (τ(K^−π^+)/Γ(K^+K^−)−1) = y cos 2ϕ_D −A_mx sin 2ϕ_D with A_m = 1−|q/p|. If ϕ_D = 0, y_{CP} = y. Ref.[14] combined the BaBar [3] and Belle [4] results to obtain the 68% C.L. ranges for:

x = (5.5 ± 2.2) × 10^{−3}, y = (5.4 ± 2.0) × 10^{−3}, ϕ_D = (0 ± 11)^∘, δ_{Kπ} = (−38 ± 46)^∘ and A_m = −0.02 ± 0.15 which we will use in this note.

We now study the implications of the above information on non-universal Z^′ models. The most important new effect is due to the tree-level flavor changing interactions in the heavy Z^′ coupling to fermions. The main effect on D mixing thus occurs through the parameter M_{12} and, therefore, it predominantly affects x. In this class of models there is no significant new contribution to the parameter Γ_{12}, which is responsible for the lifetime difference y [11]. We will thus assume that Γ_{12} can be attributed to long distance standard model physics and treat it as a parameter to be determined from the data. Similarly, the class of models we consider, make negligible contributions to CP violating phases in D^0 decay amplitudes. We will therefore assume that Γ_{12} is real. The new physics contribution to M_{12}, on the other hand, has a CP violating phase in general, so we write M_{12} = Me^{iϕ}. Using the well known result, Δm − iΔΓ/2 = 2 √ (M_{12} − iΓ_{12}/2)(M^∗_{12} − iΓ^∗_{12}/2), (3) we obtain two equations 4(M^2 − Γ^2_{12}/4) = Δm^2 − ΔΓ^2/4, 4MΓ_{12} cos ϕ = ΔmΔΓ; (4) with three unknowns: M, Γ_{12} and ϕ. Therefore, the measurement of x and y can not determine all the unknowns. To proceed we introduce the quantities w = 2M/Γ_D and z = Γ_{12}/Γ_D, which are functions of x, y and ϕ. We have

z^2 = 1 2 (y^2 − x^2 + √ (x^2 − y^2)^2 + 4 x^2y^2 cos^2 ϕ ), w^2 = x^2 − y^2 + z^2. (5) Although z is not known, it can be determined with a measurement of the CP violating phase ϕ. Already the parameter A_m constrains the value of ϕ through the relation

A_m = |q/p|^2 − 1 |q/p|^2 + 1 , | | | | q p | | | | 2 = ( z^2 + w^2 + 2zw sin ϕ z^2 + w^2 − 2zw sin ϕ

) 1_2

. (6)

Using the central values x = 5.5×10^{−3} and y = 5.4×10^{−3} and requiring −0.17 ≤ A_m ≤ 0.13 one finds −0.29 <∼ sin ϕ <∼ 0.27. If instead one allows x and y to vary independently in their one-sigma range one finds −0.39 <∼ sin ϕ <∼ 0.35.^1 For this range, the values of w and z are close to those of x and y respectively. This phase then shows up in CP violating observables such as the semileptonic asymmetry: a = N^−(D^0 → l^−X) − N^+(D̄^0 → l^+X̄) N^−(D^0 → l^−X) + N^+(D̄^0 → l^+X̄) = |p/q|^2 − |q/p|^2 |p/q|^2 + |q/p|^2 = − 2wz sin ϕ w^2 + z^2

. (7) In Figure 1 we illustrate this asymmetry as a function of sin ϕ for x = (5.5 ± 2.2) × 10^{−3}, y = (5.4 ± 2.0) × 10^{−3} and the range for sin ϕ allowed by A_m. We emphasize that the above analysis applies to any model where CP violation appears only in the mixing parameter M_{12}.

Next we review the relevant features for meson mixing specific to non-universal Z^′ models starting from a generic parametrization for the Z^′ coupling to quarks, L = g 2c_W q̄_iγ^μ (a_{ij} P_L + b_{ij} P_R) q_jZ^′_μ. (8) The exchange of Z^′ at tree-level, generates a Δf = 2 effective Hamiltonian that can induce mixing. This was discussed in detail in Ref. [8] for B − B̄ mixing. To apply that result to the case of D-mixing we only need to continue the QCD running down to the charm scale and concentrate on the terms with Δc = 2, i.e. ij = cu, M^{P,Z′}_{12} = G_F √ 2 m^2_Z m^2_Z′ 1 3 f^2_P M_P B_P η^{6/21}_Z′ η^{6/23}_b η^{6/25}_D ( a^2_{ij} + b^2_{ij} + η^{−3/21}_Z′ η^{−3/23}_b η^{−3/25}_D 1 2 a_{ij} b_{ij} (2ϵ − 3) + 2 3 ( η^{−3/21} Z^′ η −3/23 b η^{−3/25}_D − η^{−30/21}_Z′ η^{−30/23}_b η^{−30/25}_D ) 1 4 a_{ij}b_{ij} (1 − 6ϵ) ) . (9)

1 At three-sigma the full range −1 ≤ sin ϕ ≤ 1 is still allowed.

FIG. 1: Semileptonic CP violating asymmetry a as a function of sin ϕ for x = (5.5 ± 2.2) × 10^{−3} and y = (5.4 ± 2.0) × 10^{−3} .

In this result η_Z′ = α_s(m_Z′ )/α_s(m_t), η_b = α_s(m_t)/α_s(m_b), and η_D = α_s(m_b)/α_s(m_D) and the rest of the notation is defined in Ref. [8]. We will take M_Z′ ∼ 500 GeV for illustration.

There are different ways in which non-universal Z^′ couplings to quarks can arise. Here we will use a model resulting from a variation of Left-Right models [15] that is motivated by the apparent anomaly in the A^b_{F B} measurement at LEP [16]. In this model, some relevant Z^′ couplings to fermions are given by L = g 2 cos θ_W tan θ_W (tan θ_R + cot θ_R) cos ξ_Z Z^′_μ × ( V^{d∗}_{Rbi}V^d_{Rbj}d̄_{Ri} γ^μd_{Rj} − V^{u∗}_{Rti}V^u_{Rtj}ū_{Ri} γ^μu_{Rj} + τ̄_Rγ_μτ_R − ν̄_{Rτ} γ_μν_{Rτ} ) . (10)

Here θ_W is the usual electroweak mixing angle, θ_R parameterizes the relative strength of the right-handed interaction, ξ_Z is the Z − Z^′ mixing angle and V^{u,d}_{Rij} are the unitary matrices that rotate the right-handed up-(down)-type quarks from the weak eigen-states to the mass eigen-states. In order to explain the anomaly in A^b_{F B}, an enhanced Z^′ coupling to third generation fermions is required, and this is paramterized by a large cot θ_R. In Eq. 10 we have only written those terms that are enhanced by cot θ_R and refer the reader to Ref. [15] for more details. Additional constraints that are placed on the model by measurements at LEP-II can be approximately summarized by the relation: tan θ_W cot θ_R^{MW}_{MZ′} ∼ 1 [15].

In this model, the tree-level exchange of a Z^′ can generate mixing in both down-type and up-type quark sectors. We have previously shown that the model can generate a large B_s mixing and this suggests that large D mixing may also occur. To see why a large D − D̄ mixing is possible in general, let us compare the tree-level contribution of Z^′ exchange to

B − B̄ and D − D̄ mixing. In this case a_{ij} = 0 and b_{ij} is given respectively by

B_q − B̄_q mixing : b_{sq} = cos θ_W tan θ_W (tan θ_R + cot θ_R) cos ξ_Z V^{d∗}_{Rbb}V^d_{Rbq}, D^0 − D̄^0 mixing : b_{cu} = cos θ_W tan θ_W (tan θ_R + cot θ_R) cos ξ_Z V^{u∗}_{Rtc}V^u_{Rtu}. (11)

It is clear that if V^{u∗}_{Rtc}V^u_{Rtu} is of the same order as V^{d∗}_{Rbb}V^d_{Rbq}, large D^0 − D̄^0 mixing will result.

As mentioned before, the SM contribution to B_s − B̄_s mixing is slightly below the central experimental value allowing a Z^′ contribution. Under this scenario, it was shown in Ref. [8] that the parameter |V^{d∗}_{Rbb}V^d_{Rbs}| is of order 10^{−4}. For example, if one includes the large one-loop contribution that is present for B_s mixing, a_{bs}, and fixes its value to reproduce K^+ → π^+νν̄ [17], then 0.0005 ∼ | |V^{d∗}_{Rbb}V^d_{Rbs} | | ∼ 0.0009. (12) For the case of D^0 − D̄^0 mixing, the one-loop induced a_{cu} is very small (suppressed by m^2_b /m^2_W ) compared to b_{cu} and can be neglected. This is unlike what happens for B and K mixing, where a_{bs} and a_{ds} must be considered [8].

For our numerical analysis, let us first consider the CP conserving case with ϕ = 0. Taking Γ_D0 from the particle data group [1], ϵ = 1, f_D √ B_D = 200 MeV, and using the approximate constraint m_W /m_Z′ (tan θ_W cot θ_R) = 1, we obtain x = 2M_{12} Γ_D0

= 1.9 × 10^5 |V^{u∗}_{Rtc}V^u_{Rtu}|^2. (13)

Requiring that this x due to the Z^′ exchange be at most equal to the measured x (the average from Ref. [14]) , we find that |V^{u∗}_{Rtc}V^u_{Rtu}| is bound by |V^{u∗}_{Rtc}V^u_{Rtu}| <∼ 2.0 × 10^{−4}. (14) This is the tightest bound on FCNC in the up-quark sector for these models that we can obtain at present. Of course, if the standard model (long distance) contributions to x could be precisely quantified, then the constraints on new physics would be much tighter. To gauge the significance of this constraint we note that if the matrix V^u_{Rij} has a similar hierarchy to the one exhibited by the CKM matrix, the value for |V^{u∗}_{Rtc}V^u_{Rtu}| would be of order 10^{−4}. Notice also that the upper bound for V^{u∗}_{Rtc}V^u_{Rtu} is similar to the range allowed for |V^{d∗}_{Rbb}V^d_{Rbs}| in B_s − B̄_s mixing.

With a non-zero CP violating phase ϕ, the upper bound will be different in general. In the Z^′ model the phase ϕ, appears as a complex V^{u∗}_{Rtc}V^u_{Rtu} = |V^{u∗}_{Rtc}V^u_{Rtu}|e^{iϕ/2}. A numerical study allowing x, y and sin ϕ to vary independently in their one-sigma ranges results in essentially the same bound, Eq. 14, for the whole range of sin ϕ.

We now assume that D − D̄ mixing is indeed due to FCNC induced by Z^′ exchange and explore the consequences for rare D and top decays which are also governed by V^u_{Rij} . The Z^′ couplings are enhanced by cot θ_R only for third generation fermions, so the most promising rare decay would be D^0 → X_uν_τ ν̄_τ . Since the standard model rate for this process is too small to be observed [18], we consider only the new physics contribution from tree-level Z^′ exchange. We further work at the spectator quark level to obtain B(D^0 → X_uνν̄) ≈ G^2_F m^5_c 768π^3Γ_D0 |V^{u∗}_{Rtc}V^u_{Rtu}|^2 ( tan θ_W cot θ_R M_W M_Z′ )_4

<∼ 3 × 10^{−10}, (15)

still too small to be observed in the near future.

Other rare decays that involve only second generation fermions are even smaller. For example, for the Z^′ contribution to D^0 → μ^+μ^− we find

B(D^0 → μ^+μ^−) ≈

G^2_F m_Dm^2_μF^2_D 16πΓ_D0 |V^{u∗}_{Rtc}V^u_{Rtu}|^2 ( tan θ_W cot θ_R M_W M_Z′ )_4

tan^4 θ_R

<∼ 4 × 10^{−15} ( tan θ_R 0.1 ) . (16)

Similarly, charged D rare decays also remain too small for observation.

In contrast with the rare D decay, non-universal Z^′ exchange can significantly enhance rare top-quark decays because more third generation fermions are involved. For example we find, B(t → cττ̄ ) ≈ G^2_F m^5_t 768π^3Γ_t |V^{u∗}_{Rtt}V^u_{Rtc}|^2 ( tan θ_W cot θ_R M_W M_Z′ )_4

= 4.3 × 10^{−4}|V^{u∗}_{Rtt}V^u_{Rtc}|^2, B(t → cbb̄) ≈ 3 G^2_F m^5_t 768π^3Γ_t |V^{u∗}_{Rtt}V^u_{Rtc}|^2|V^d_{Rbb}|^4 ( tan θ_W cot θ_R M_W M_Z′ )_4

= 1.3 × 10^{−3}|V^{u∗}_{Rtt}V^u_{Rtc}|^2|V^d_{Rbb}|^4, (17) and B(t → cττ̄ ) = B(t → cν_τ ν̄_τ ). Rare t → c(νν̄, ττ̄ , b̄b) decays may offer some hope for detection depending on the value of V^{u∗}_{Rtt} and V^u_{Rtc}. The largest branching ratios can be of order 10^{−3}, which may be observable at LHC and ILC [19]. If instead of taking the maximum possible mixing angles one scales the matrix elements according to the CKM hierarchy, the natural size for V^u_{Rtt} is of order 1 and for V^u_{Rtc} is of order 4×10^{−2}. This would lead to B(t → cbb̄) ∼ 10^{−6} which is probably too small to be observed. It is also possible to search for the new Z^′ through flavor conserving processes at the LHC and this has been considered previously in the literature [20].

Up to now we have considered a class of non-universal Z^′ models that is motivated by the measured A^b_{F B}. In this class of models, the quantity tan θ_W cot θ_R^{MW}_{MZ′} is constrained to be near one and this allows us to directly constrain the matrix element V^{u∗}_{Rtc}V^u_{Rtu}. In a general Z^′ model, one cannot do this, and instead has to work with the parameter b_{cu} and the Z^′ mass. The constraint we have obtained for |V^{u∗}_{Rtc}V^u_{Rtu}| applies in general to (|b_{cu}|m_Z /m_Z′ ).

To summarize, we have investigated the implications of recent results on D^0 − D̄^0 mixing for a class of non-universal Z^′ models. We pointed out that the contributions of these models to B_s − B̄_s mixing allowed by the measurement of ΔM_{Bs} , suggest that the models could also induce D − D̄ mixing at current levels of sensitivity. Within the allowed parameter space, the CP violating semileptonic asymmetry |a| can be as large as ∼ 30%. We find that D mixing constrains the models in such a way that rare D decays are unobservably small. Rare top decays are larger but most likely too small to be observed. Our numerical analysis was based on requiring that the new physics contribution to x be at most as large as the measurement (at 1 − σ). Clearly this can be improved if the SM contribution to x is understood better.

Acknowledgments The work of X.G.H. was supported in part by the NSC and NCTS. The work of G.V. was supported in part by DOE under contract number DE-FG02-01ER41155.

[1] W. M. Yao et al. [Particle Data Group], J. Phys. G 33, 1 (2006).

[2] G. Burdman and I. Shipsey, Ann. Rev. Nucl. Part. Sci. 53, 431 (2003) [arXiv:hep-ph/0310076];

A. A. Petrov, Int. J. Mod. Phys. A 21, 5686 (2006) [arXiv:hep-ph/0611361]; Y. Grossman, A. L. Kagan and Y. Nir, Phys. Rev. D 75, 036008 (2007) [arXiv:hep-ph/0609178]; Y. Nir, arXiv:hep-ph/0703235.

[3] B. Aubert et al. [BaBar Collaboration], arXiv: hep-ex/0703020, BABAR-PUB-07/019, SLAC- PUB-12385, SCIPP-07/01.

[4] M. Staric, Talk presented at XLII Rencontres de Moriond, La Thuile, Italy, 10-17 March, 2007; K. Abe et al. [Belle Collaboration], arXiv: hep-ex/0703036.

[5] A. Abulencia et al. [CDF Collaboration], Phys. Rev. Lett. 97, 242003 (2006) [arXiv:hep-ex/0609040].

[6] V. M. Abazov et al. [D0 Collaboration], Phys. Rev. Lett. 97, 021802 (2006) [arXiv:hep-ex/0603029].

[7] J. Charles et al. [CKMfitter Group], Eur. Phys. J. C 41, 1 (2005) [arXiv:hep-ph/0406184].

Updated results used in this paper are from http://ckmfitter.in2p3.fr/ .

[8] X. G. He and G. Valencia, Phys. Rev. D 74, 013011 (2006) [arXiv:hep-ph/0605202]; X. G. He and G. Valencia, Phys. Rev. D 70, 053003 (2004) [arXiv:hep-ph/0404229].

[9] V. Barger, C. W. Chiang, P. Langacker and H. S. Lee, Phys. Lett. B 580, 186 (2004) [arXiv:hep-ph/0310073]. K. Cheung, C. W. Chiang, N. G. Deshpande and J. Jiang, arXiv:hep-ph/0604223. C. W. Chiang, N. G. Deshpande and J. Jiang, JHEP 0608, 075 (2006) [arXiv:hep-ph/0606122]. S. Baek, J. H. Jeon and C. S. Kim, Phys. Lett. B 641, 183 (2006) [arXiv:hep-ph/0607113].

[10] E. Golowich and A. A. Petrov, Phys. Lett. B 625, 53 (2005) [arXiv:hep-ph/0506185]. [11] E. Golowich, S. Pakvasa and A. A. Petrov, arXiv:hep-ph/0610039. [12] K. S. Babu, X. G. He, X. Li and S. Pakvasa, Phys. Lett. B 205, 540 (1988). [13] W. S. Hou, M. Nagashima and A. Soddu, arXiv:hep-ph/0610385.

[14] M. Ciuchini, E. Franco, D. Guadagnoli, V. Lubicz, M. Pierini, V. Porretti and L. Silvestrini, arXiv:hep-ph/0703204.

[15] X. G. He and G. Valencia, Phys. Rev. D 66, 013004 (2002) [Erratum-ibid. D 66, 079901 (2002)] [arXiv:hep-ph/0203036]; X. G. He and G. Valencia, Phys. Rev. D 68, 033011 (2003) [arXiv:hep-ph/0304215].

[16] M. S. Chanowitz, Phys. Rev. Lett. 87, 231802 (2001) [arXiv:hep-ph/0104024]. [17] V. V. Anisimovsky et al. [E949 Collaboration], Phys. Rev. Lett. 93, 031801 (2004) [arXiv:hep-ex/0403036].

[18] G. Burdman, E. Golowich, J. Hewett and S. Pakvasa, Phys. Rev. D 66, 014009 (2002) [arXiv:hep-ph/0112235].

[19] M. Beneke, I. Efthymipopulos, M.L. Mangano, J. Womersley (conveners) et al., report in the Workshop on Stamdard Model Physics (and more) at LHC, Geneva, arXiv: hep-ph/0003033; E. Glover et al., arXiv:hep-ph/040110; T. Abe et al., Linear Collider Physics Resource Book for Snowmass 2001, arXiv: hep-ex/0106055, 0106056, 0106057; A. Arhrib et al., Phys. Rev.

D73, 075015(2007)[arXiv:hep-ph/0602175].

[20] T. Han, G. Valencia and Y. Wang, Phys. Rev. D 70, 034002 (2004) [arXiv:hep-ph/0405055].