arXiv:hep-ph/0004010 v2 7 Apr 2000

DESY 00–052 ZH–TH 7/00 hep–ph/0004010 April 2000

Exploring CP Violation with B_c Decays

Robert Fleischer^{1,∗} and Daniel Wyler^{2,†}

1Deutsches Elektronen-Synchrotron DESY, Notkestr. 85, D–22607 Hamburg, Germany

2Institut für Theoretische Physik, Universität Zürich, CH–8057 Zürich, Switzerland

Abstract

We point out that the pure “tree” decays B^±_c → D^±_s D are particularly well suited to extract the CKM angle γ through amplitude relations. In contrast to conceptually similar strategies using B^± → K^± D or B_d → K^{∗0}D decays, the advantage of the B_c approach is that the corresponding triangles have three sides of comparable length and do not involve small amplitudes. Decays of the type B^±_c → D^± D – the U-spin counterparts of B^±_c → D^±_s D – can be added to the analysis, as well as channels, where the D^±_s - and D^± -mesons are replaced by higher resonances.

�E-mail: Robert.Fleischer@desy.de
yE-mail: wyler@physik.unizh.ch

CP violation is one of the least understood aspects of particle physics [1, 2]. The Standard Model provides a simple description of this phenomenon through the complex Cabibbo– Kobayashi–Maskawa (CKM) matrix [3], which is consistent with present particle physics experiments. However, the baryon asymmetry of the Universe clearly requires additional sources for CP violation [4]; therefore CP violation might be the road to new physics.

Decays of B-mesons provide a rich ground for investigating CP violation [5, 6]. They allow both for stringent tests of the Standard Model, and for studies of new sources for this effect. Consequently, the literature in this field grows daily. Within the Standard Model, CP violation is often characterized by the so-called unitarity triangle [7] and the measurements of its three angles α, β and γ. Many years ago, Bigi, Carter and Sanda showed that these angles could be determined through “mixing-induced” CP asymmetries, which arise in decays of neutral B-mesons [8]. The most prominent decay is B_d → J/ψ K_S, where the angle β can be obtained with essentially no theoretical uncertainty. Similarly, the angle α could be determined from B_d → π^+π^−. Unfortunately, it was found later that this determination is not theoretically clean because of penguin contributions, leading to considerable hadronic uncertainties. These could be overcome by measuring all B → ππ decays, in particular B_d → π^0π^0 [9]. However, this mode is extremely difficult – if not impossible – to measure. Even worse seemed the situation of the angle γ.

Since then, interesting new methods to extract this angle with few theoretical uncertainties were devised. For instance, it was shown that γ could be determined through the measurement of six B^± → K^± D decay rates [10]. To this end, the CP eigenstate

|D^0_+⟩ = 1 √ 2 ( |D^0⟩ + |D^0⟩ ) (1) of the neutral D-meson system is employed, allowing the derivation of amplitude triangle relations. Unfortunately, the corresponding triangles in the complex plane, which are fixed through the magnitudes of the B^± → K^± D decay amplitudes, turned out to be highly stretched, and are – from an experimental point of view – not very useful to determine γ. Further difficulties were pointed out in [11]. As an alternative, the decays B_d → K^{∗0}D were proposed [12] because the triangles are more equilateral. But all sides are small because of various suppression mechanisms. In another paper, the triangle approach to extract γ was also extended to the B_c system by Masetti [13].

Another road towards the extraction of γ, which will not be touched here, is provided by SU(3) relations between B → πK, ππ decay amplitudes [14]. Although this approach is not theoretically clean – in contrast to the B → KD strategies using pure “tree” decays – it is more promising from an experimental point of view. In the context of the B → πK modes, it was pointed out that non-trivial bounds on γ could be obtained [15]. Also here, it was noted later that other decays than the original ones may provide more powerful bounds on γ [16]. Many recent papers review and extend the situation [17].

A comment on the implications of these different methods might be in order. As the B → KD triangle approaches rely on pure “tree” decays, i.e. do not involve any flavour-changing neutral-current (FCNC) processes, it is expected that they are not affected significantly by new physcis (unless it affects D^0–D^0 mixing) and probe indeed the angle γ as defined in the Standard Model. On the other hand, the B → πK methods are strongly sensitive to penguin, i.e. loop diagrams [18]. Since these can be influenced by new physics, the thus determined

Figure 1: Feynman diagrams contributing to the decay B^+_c → D^+_s D^0.

Figure 2: Feynman diagrams contributing to the decay B^+_c → D^+_s D^0.

value of γ may be different from the Standard-Model expectation. Consequently, a comparison of the values of γ obtained from pure “tree” decays and penguin-dominated modes would be a good way to search for new physics. Moreover, the values for γ could be compared with the usual fits of the unitarity triangle [19].

With the advent of hadronic b facilities, it becomes possible to produce both B_s- and B_c-mesons in large numbers. One might therefore ask to what extent these particles are interesting for testing the Standard Model and, in particular, for studies of CP violation. In the case of B_s decays, there are already promising strategies [20]. Despite the early studies [13] of CP violation in non-leptonic B_c decays and other more recent work [21]–[23], no particular attention to the B_c system has emerged so far.

In this paper, we show that B_c-mesons could indeed play an important role for the exploration of CP violation. In particular, the B_c counterpart of the B^± → K^± D triangle approach proposed in [10] could be well suited to extract the CKM angle γ. The corresponding B_c decays are B^±_c → D^±_s {D^0, D^0, D^0_+}, where the CP eigenstate D^0_+ introduced in (1) allows us to write the following amplitude relations: √ 2A(B^+_c → D^+_s D^0_+) = A(B^+_c → D^+_s D^0) + A(B^+_c → D^+_s D^0) (2) √ 2A(B^−_c → D^−_s D^0_+) = A(B^−_c → D^−_s D^0) + A(B^−_c → D^−_s D^0). (3)

The quark diagrams for these decays are shown in Figs. 1 and 2, where our main point

A(B^+_c → D^+_s D^0) = A(B^−_c → D^−_s D^0)

√ 2 A(B^+_c → D^+_s D^0_+)

A(B^−_c → D^−_s D^0)

√ 2 A(B^−_c → D^−_s D^0_+) A(B^+_c → D^+_s D^0)

2γ

Figure 3: The extraction of γ from B^±_c → D^±_s {D^0, D^0, D^0_+} decays.

can be seen: the amplitude with the rather small CKM matrix element V_{ub} is not colour suppressed, while the larger element V_{cb} comes with a colour-suppression factor. Therefore, the two amplitudes are similar in size! In contrast to this favourable situation, in the decays B^± → K^± {D^0, D^0, D^0_+}, the matrix element V_{ub} comes with the colour suppression factor, resulting in a very stretched triangle, while in the decays B_d → K^{∗0}{D^0, D^0, D^0_+}, all amplitudes are colour suppressed.

Taking into account that B^+_c → D^+_s D^0 and B^+_c → D^+_s D^0 receive only contributions from tree-diagram-like topologies because of the particular flavour structure of the underlying quarkdecay processes, and that only the b → u transitions in Fig. 1 involve a CP-violating weak phase (γ) in the Wolfenstein parametrization of the CKM matrix [24], we obtain

A(B^+_c → D^+_s D^0) = A(B^−_c → D^−_s D^0) (4)

A(B^+_c → D^+_s D^0) = e^{i2γ} A(B^−_c → D^−_s D^0). (5)

Whereas (4) allows us to fix the relative orientation of the two triangles described by the amplitude relations (2) and (3), (5) allows us to determine the CKM angle γ, as is illustrated in Fig. 3. Since (4)–(5) are exact in the Standard Model, this is theoretically clean. The method is completely analogous to the B^± → K^± D strategy [10]. However, as we have already noted, the advantage of the B_c decays is that all sides of the triangles in Fig. 3 are expected to be of comparable length: | | | A(B^+_c → D^+_s D^0) A(B^+_c → D^+_s D^0) | | | = | | | A(B^−_c → D^−_s D^0 A(B^−_c → D^−_s D^0) | | | = | | | R_b (T_c + C_c)

C̃_c + Ã_c | | | = O(1). (6)

Here T_c and C_c denote the colour-allowed and colour-suppressed topologies in Fig. 1, C̃_c and Ã_c describe the colour-suppressed and annihilation topologies in Fig. 2, and R_b ≡ 1 λ ( 1 − λ^2 2 ) | | | V_{ub} V_{cb} | | = 0.41 ± 0.07, with λ ≡ |V_{us}| = 0.22. (7)

In contrast, the corresponding ratio for B^± → K^± D [10] is | | | A(B^+ → K^+D^0) A(B^+ → K^+D^0) | | | = | | | A(B^− → K^−D^0 A(B^− → K^− D^0) | | | = | | | R_b ( C̃_u + Ã_u ) T_u + C_u | | | = O(0.1), (8) resulting in the unfortunate situation, where the sides of the amplitude triangles involving γ are strongly suppressed with respect to the remaining ones. A similar situation arises in the decays B^±_c → D^± {D^0, D^0, D^0_+}, obtained from the B^±_c → D^±_s {D^0, D^0, D^0_+} channels by interchanging all down and strange quarks (U-spin). These modes satisfy the amplitude relations √ 2A(B^+_c → D^+D^0_+) = A(B^+_c → D^+D^0) + A(B^+_c → D^+D^0) (9) √ 2A(B^−_c → D^− D^0_+) = A(B^−_c → D^− D^0) + A(B^−_c → D^− D^0), (10)

as well as

A(B^+_c → D^+ D^0) = A(B^−_c → D^− D^0), A(B^+_c → D^+D^0) = e^{i2γ} A(B^−_c → D^− D^0). (11)

Because of CKM factors different from the B^±_c → D^±_s D case, we obtain | | | A(B^+_c → D^+D^0) A(B^+_c → D^+D^0) | | | = | | | A(B^−_c → D^− D^0 A(B^−_c → D^− D^0) | | | = λ^2 | | | R_b (T^′_c + C^′_c) C̃ ′_c + Ã′_c | | | = O(0.1), (12)

and arrive at triangles of the same shape as in the B^± → K^± D approach. The decays B_d → K^{∗0}D [12], whose amplitudes are all colour suppressed and proportional to λ^3(R_b), obviously have no analogue in the B_c system.

As was pointed out in [11], the small amplitude ratio (8) leads to another experimental problem: if the D^0-meson of the suppressed decay B^+ → K^+D^0 is tagged through the Cabibbo-favoured mode D^0 → π^+K^− , there are large interference effects of O(1) with the colour-allowed mode B^+ → K^+D^0[→ π^+K^− ], where the decay of the D^0-meson is doubly Cabibbo-suppressed; indeed, all hadronic tags of the D^0 are affected in a similar way. In order to overcome these problems, it was proposed in [11] to use the decay chains

B^+ → K^+D^0 [→ f_i], B^+ → K^+D^0 [→ f_i], (13)

where f_i denotes doubly Cabibbo-suppressed (Cabibbo-favoured) non-CP modes of the D^0 (D^0), for instance, f_i = π^+K^− or π^+π^0K^−. If two different final states f_i are considered, γ can be extracted. Advantages and problems of this approach are discussed in Ref. [6].

Because of (12), it is obvious that the B^±_c → D^± D strategy is affected by similar interference problems, i.e. we expect amplitudes of the same order of magnitude for the decay chains B^+_c → D^+D^0[→ π^+K^− ] and B^+_c → D^+D^0[→ π^+K^− ]. In order to extract γ, we could employ the same idea as in [11]. However, in the case of the B_c system, an alternative is provided by the follwing U-spin relations:

A(B^+_c → D^+D^0) = −λ/(1 − λ^2/2) A(B^+_c → D^+_s D^0) (14)

A(B^+_c → D^+D^0) = (1 − λ^2/2)/λ A(B^+_c → D^+_s D^0). (15)

Since the decay amplitudes on the right-hand sides of these equations are of the same order of magnitude, as we have seen in (6), the interference effects due to D^0, D^0 → π^±K^∓ are practically unimportant in their measurement and in the associated B^±_c → D^±_s {D^0, D^0, D^0_+} strategy to determine γ. Consequently, this is the preferred B_c approach to extract γ. Nevertheless, the Cabibbo-enhanced decay B^+_c → D^+D^0 plays an important role to increase the statistics for the measurement of the basis of the triangles shown in Fig. 3 with the help of (15). Needless to note, similar strategies are provided, if the D^±_{(s)}-mesons and are replaced by D^{∗±}_{(s)} -mesons or higher resonances, which may have advantages for certain detector configurations [25].

At LHC, one expects a huge number of B_c-mesons, about 10^{10} untriggered B_c s per year of running [26]. The branching ratios for the colour-suppressed B_c decays were already estimated in the literature, however, with conflicting results [22, 23]. The following values seem reasonable:

BR(B^+_c → D^+_s D^0) ≈ 10^{−5}–10^{−6} (16)

BR(B^+_c → D^+_s D^0) ≈ 10^{−5}. (17)

The first numbers for the colour-suppressed modes correspond to the range given in [23, 22], while the second one for the colour-allowed channels is an estimate based on the results for decays with a similar dynamics given in these papers. It is seen that the rates are indeed comparable. Moreover, we expect

BR(B^+_c → D^+ D^0) ≈ 10^{−4}–10^{−5}, (18)

allowing the measurement of (16) with the help of (15). The predictions for the coloursuppressed B^+_c → D^{∗+}_s D^0 and B^+_c → D^{∗+}D^0 modes in [22] and [23] are in better agreement:

BR(B^+_c → D^{∗+}_s D^0) = 4 × 10^{−6}, BR(B^+_c → D^{∗+}D^0) = 7 × 10^{−5}; (19)

for the decay B^+_c → D^{∗+}_s D^0, we expect a branching ratio at the 10^{−5} level.

The feasibility of the methods discussed above depends of course on the experimental situation and the relevant branching ratios. If we assume those of the final D-mesons to be 5% and an overall efficiency of 10%, we arrive at around 20 events per year at LHC. This crude estimate indicates that the B_c system may well contribute to our understanding of CP violation.

In this note, we have shown that decays of B_c-mesons appear to be ideally suited for determining the angle γ from triangle relations. The well-known disadvantages of this approach arising in B_u and B_d decays, namely small amplitudes, are absent. Provided there are no serious experimental problems related to the analysis of the corresponding B_c decays, this approach should be very interesting for the B-physics programme at future hadron colliders.

D.W. thanks DESY for its hospitality. We thank U. Straumann and G. Wilkinson for useful discussions, and M. Lusignoli and Z.-Z. Xing for bringing Ref. [13] to our attention.

References

[1] CP Violation, ed. C. Jarlskog (World Scientific, Singapore, 1989). [2] CP Violation, by I.I. Bigi and A. I. Sanda, Cambridge Monographs on Particle Physics, Nuclear Physics and Cosmology (Cambridge University Press, Cambridge, 2000).

[3] N. Cabibbo, Phys. Rev. Lett. 10, 531 (1963); M. Kobayashi and T. Maskawa, Progr.

Theor. Phys. 49, 652 (1973).

[4] V.A. Rubakov and M.E. Shaposhnikov, Usp. Fiz. Nauk 166, 493 (1996), Phys. Usp. 39, 461 (1996); A. Riotto and M. Trodden, Annu. Rev. Nucl. Part. Sci. 49, 35 (1999).

[5] A.J. Buras and R. Fleischer, in Heavy Flavours II, eds. A.J. Buras and M. Lindner (World Scientific, Singapore, 1998), p. 65 [hep-ph/9704376].

[6] The BaBar Physics Book, eds. P.F. Harrison and H.R. Quinn (SLAC report 504, October 1998).

[7] L.L. Chau and W.-Y. Keung, Phys. Rev. Lett. 53, 1802 (1984); C. Jarlskog and R. Stora, Phys. Lett. B208, 268 (1988).

[8] A.B. Carter and A.I. Sanda, Phys. Rev. Lett. 45, 952 (1980); Phys. Rev. D23, 1567 (1981); I.I. Bigi and A.I. Sanda, Nucl. Phys. B193, 85 (1981).

[9] M. Gronau and D. London, Phys. Rev. Lett. 65, 3381 (1990). [10] M. Gronau and D. Wyler, Phys. Lett. B265, 172 (1991). [11] D. Atwood, I. Dunietz and A. Soni, Phys. Rev. Lett. 78, 3257 (1997). [12] I. Dunietz, Phys. Lett. B270, 75 (1991). [13] M. Masetti, Phys. Lett. B286, 160 (1992).

[14] M. Gronau, J.L. Rosner and D. London, Phys. Rev. Lett. 73, 21 (1994); R. Fleischer, Phys. Lett. B365, 399 (1996); M. Neubert and J.L. Rosner, Phys. Rev. Lett. 81, 5076 (1998).

[15] R. Fleischer and T. Mannel, Phys. Rev. D57, 2752 (1998). [16] M. Neubert and J.L. Rosner, Phys. Lett. B441, 403 (1998).

[17] For reviews, see R. Fleischer, CERN-TH-99-95 [hep-ph/9904313]; M. Neubert, SLAC- PUB-8266 [hep-ph/9909564].

[18] For recent discussions, see D. Choudhury, B. Dutta and A. Kundu, Phys. Lett. B456, 185 (1999); X.-G. He, C.-L. Hsueh and J.-Q. Shi, Phys. Rev. Lett. 84, 18 (2000); R. Fleischer and J. Matias, Phys. Rev. D61, 74004 (2000); Y. Grossman, M. Neubert and A.L. Kagan, SLAC-PUB-8243 [hep-ph/9909297].

[19] A. Ali and D. London, Eur. Phys. J. C9 (1999) 687; for a recent update, see DESY 00-026 [hep-ph/0002167].

[20] For a review, see the b-decay Working Group Report of the Workshop Standard Model Physics (and More) at the LHC, P. Ball et al., CERN-TH/2000-101 [hep-ph/0003238].

[21] M. Beneke and G. Buchalla, Phys. Rev. D53, 4991 (1996). [22] J.-F. Liu and K.-T. Chao, Phys. Rev. D56, 4133 (1997). [23] P. Colangelo and F. De Fazio, Phys. Rev. D61, 034012 (2000). [24] L. Wolfenstein, Phys. Rev. Lett. 51, 1945 (1983). [25] M. Gronau, TECHNION-PH-99-39 [hep-ph/9911429].

[26] M. Galdón, R. Pérez Ochoa, M.A. Sanchis-Lozano, J.A. Valls, Nucl. Phys. Proc.

Suppl. 50, 311 (1996).