arXiv:hep-ph/0207007 v1 29 Jun 2002

UdeM-GPP-TH-02-99 IMSc-2002/06/14

New Physics in B → J/ψK^{∗1}

David London Laboratoire René J.-A. Lévesque Université de Montréal C.P. 6128, succ. centre-ville Montréal, QC, CANADA H3C 3J7

Nita Sinha and Rahul Sinha The Institute of Mathematical Sciences Taramani, Chennai 600113 INDIA

CP violation in the B system [1] has been established by the recent measurements of sin 2β, with a world average of sin 2β = 0.78 ± 0.08 [2]. The main B decay used to probe the weak phase β is the so-called “gold-plated” mode B^0_d (t) → J/ψK_S . In order to extract weak-phase information cleanly, i.e. with no hadronic uncertainties, a given B decay must be dominated by a single weak decay amplitude. However, even within the SM, B^0_d → J/ψK_S receives contributions from two weak amplitudes: the tree amplitude and the b → s penguin amplitude. Nevertheless, this decay mode is very clean for the following two reasons. First, the cc quark pair must be produced in a color-singlet state, requiring three gluons in the penguin amplitude. Consequently, the penguin contribution is expected to be considerably smaller than the tree contribution. Second, in the Wolfenstein parameterization [3] the CKM matrix elements involved in the b → s penguin amplitude (V^∗_{tb}V_{ts}) and in the tree amplitude (V^∗_{cb}V_{cs}) are both real. Thus, the weak phases of these two amplitudes are the same, so that effectively only a single weak amplitude contributes to B^0_d → J/ψK_S . The extraction of the CP phase β from this decay mode is therefore extremely clean.

The decay B^0_d (t) → J/ψK^∗ is also a clean mode, for exactly the same reasons as above. The complication, in comparison to B^0_d (t) → ψK_S , is that the final state now consists of two vector particles, so that the CP-even and CP-odd components must be distinguished by performing an angular analysis [1]. Each component can then be treated separately, and β can be obtained cleanly.

In the presence of new physics, the extraction of the weak phase β may not be clean. If the new physics contributes only to B^0_d –B^0_d mixing, the measurement of β

1Talk given by Rahul Sinha at Flavor Physics and CP Violation (FPCP), Philadelphia, PA, USA, May 2002

remains clean, though the measured value is not the true SM value, but rather one which is shifted by a new-physics phase. On the other hand, if new physics affects the decay amplitude, then the extraction of β is no longer clean – it may be contaminated by hadronic uncertainties. It is this situation which interests us.

How can new physics affect the decay amplitude? This can occur if there are new contributions to the b → s penguin amplitude[4], so that this amplitude no longer has the same weak phase as the tree amplitude. There are a variety of new-physics models in which this can occur. These include, for example, supersymmetric models with R-parity breaking, Z- and Z^′-mediated flavor-changing neutral currents [5], and the Top-Higgs doublet model [6].

An obvious question is then: how does one see new-physics contributions to the decay amplitudes if they are present? The standard method is to search for direct CP violation. In the presence of two decay amplitudes, the full amplitude for the decay B → f can be written as A(B → f) = ae^{iϕa} e^{iδa} + be^{iϕb} e^{iδb} . (1) Here, ϕ_{a,b} and δ^{a,b} are, respectively, the weak and strong phases of the two contributing amplitudes. The amplitude for the CP-conjugate decay B → f can be obtained from the above by changing the signs of the weak phases. The direct CP asymmetry a^{CP}_{dir} is then given by a^{CP}_{dir} = Γ(B → f) − Γ(B → f) Γ(B → f) + Γ(B → f ) = − 2ab sin(ϕ_a − ϕ_b) sin(δ^a − δ^b) a^2 + b^2 + 2ab cos(ϕ_a − ϕ_b) cos(δ^a − δ^b)

. (2)

This expression holds for both neutral and charged B decays. Thus, if new physics is present, we can expect to see direct CP violation in both B_d^(

—^) → J/ψK_S and B^± → J/ψK^± decays.

It is obvious from Eq. (2) that an observable direct asymmetry requires not only a nonzero weak-phase difference between the two decay amplitudes, but also a strongphase difference. However, it has been argued that since the b-quark is rather heavy, all strong phases in B decays should be quite small. If the strong phases of the two amplitudes happen to be almost equal, there will be no observable signal of direct CP violation, even though new physics is present. Hence new physics may be hard to find using direct asymmetries.

One is therefore led to the question: if the strong-phase differences vanish, is there any way of detecting the presence of new physics? As we show below, the answer to this question is yes, if one uses the final state J/ψK^∗ rather than J/ψK. As above, we assume that there are two contributions to the decay amplitude, coming from the SM and from new physics. The weak phase of the SM contribution is zero, while the new physics contribution has a nonzero weak phase. Since the final state consists of two vector mesons, there are three helicity amplitudes. These take the form A_λ ≡ Amp(B → J/ψK^∗)_λ = a_λe^{iδaλ} + b_λe^{iϕ}e^{iδbλ} , A_λ ≡ Amp(B → J/ψK^∗)_λ = a_λe^{iδaλ} + b_λe^{−iϕ}e^{iδbλ} , (3) where the a_λ and b_λ represent the SM and new physics amplitudes, ϕ is the newphysics weak phase, the δ^{a,b}_λ are the strong phases, and the helicity index λ takes the values {0, ‖, ⊥}. Using CPT invariance, the full decay amplitudes can be written as

A = Amp(B → J/ψK^∗) = A_0g_0 + A_‖g_‖ + i A_⊥g_⊥ , (4) A = Amp(B → J/ψK^∗) = A_0g_0 + A_‖g_‖ − i A_⊥g_⊥ , (5)

where the g_λ are the coefficients of the helicity amplitudes written in the linear polarization basis. The g_λ depend only on the angles describing the kinematics [7, 8].

We first consider neutral B decays and assume that the K^(

–^{)∗}

is detected through its decay to K_S π^0, so that both B^0_d and B^0_d decay to the same final state. With the above equations, the time-dependent decay rates for B_d^(

—^) (t) → J/ψK^( –^{)∗}

can be written as Γ(B_d^(

—^) (t) → J/ψK^∗) = e^{−Γt} ∑ λ≤σ ( Λ_{λσ} ± Σ_{λσ} cos(ΔMt) ∓ ρ_{λσ} sin(ΔMt) ) g_λg_σ . (6)

By performing a time-dependent study and angular analysis of the decays B_d^(

—^) (t) → J/ψK^( –^{)∗} , one can measure the observables Λ_{λσ}, Σ_{λσ} and ρ_{λσ}. In terms of the helicity amplitudes A_0, A_‖, A_⊥, these can be expressed as follows:

Λ_{λλ} =

|A_λ|^2 + |A_λ|^2 2 , Σ_{λλ} = |A_λ|^2 − |A_λ|^2 2 , Λ_{⊥i} = −Im(A_⊥A^∗_i −A_⊥A_i^∗) , Λ_{‖0} = Re(A_‖A^∗_0 +A_‖A_0^∗) ,

Σ_{⊥i} = −Im(A_⊥A^∗_i +A_⊥A_i^∗) , Σ_{‖0} = Re(A_‖A^∗_0 −A_‖A_0^∗) ,

ρ_{⊥i} = −Re (_q p[A^∗_⊥A_i +A^∗_i A_⊥] ) , ρ_{⊥⊥} = −Im ( q p A^∗_⊥A_⊥ ) , ρ_{‖0} = Im (_q p[A^∗_‖A_0 +A^∗_0A_‖] ) , ρ_{ii} = Im ( q p A^∗_i A_i ) , (7)

where i = {0, ‖}. In the above, q/p = exp(−2 iϕ_M ), where ϕ_M is the weak phase in B^0_d –B^0_d mixing (in the SM, ϕ_M = β). Note that the direct CP asymmetry a^{CP}_{dir} is proportional to the Σ_{λλ} observables.

The key observable in the B → J/ΨK^∗ mode is Λ_{⊥i}. Using the expressions for the amplitudes found in Eq. (3), this can be written as

Λ_{⊥i} = 2 [ a_⊥b_i cos(δ^a_⊥ − δ^b_i ) − a_ib_⊥ cos(δ^b_⊥ − δ^a_i ) ] sin ϕ . (8)

Even if the strong-phase differences vanish, this observable is still nonzero in the presence of new physics (ϕ ≠ 0), in contrast to the direct CP asymmetry a^{CP}_{dir} given in Eq. (2). Thus, a complete search for new physics should include the measurement of Λ_{⊥i} in addition to a^{CP}_{dir} .

The reason that Λ_{⊥i} is proportional to cos(δ^{a,b}_⊥ − δ^{b,a}_i ), rather than sin(δ^{a,b}_⊥ − δ^{b,a}_i ), is that the ⊥ helicity is CP-odd, while the 0 and ‖ helicities are CP-even. Thus, ⊥–0 and ⊥–‖ interferences are CP-odd and switch sign [7, 9, 10, 11] between process and conjugate process. This results in the cos(δ^{a,b}_⊥ − δ^{b,a}_i ) term. Obviously, such interferences will not occur for final states such as J/ψK_S , which have only one helicity state.

As can be seen from Eq. (6), the Λ_{⊥i} term is common to both B^0_d (t) and B^0_d(t) decay rates. Thus, if one does not distinguish between B^0_d (t) and B^0_d(t) decays, and instead simply adds the two rates together, the Λ_{λσ} terms remain. Note also that these terms are time-independent (i.e. they are not proportional to cos ΔMt or sin ΔMt). Therefore, no tagging or time-dependent measurements are needed to extract Λ_{⊥i}! It is only necessary to perform an angular analysis of the final state J/ψK^(

–^{)∗} , with K^(

–^{)∗}

→ K_S π^0. Thus, this measurement can even be made at a symmetric B-factory such as CLEO.

The decays B^± → J/ψK^{∗±} are even simpler to analyze since no mixing is involved. It is straightforward to see that it is not even necessary to distinguish between B^+ and B^− decays for this measurement. In light of this, one can in principle combine charged and neutral B decays to increase the sensitivity to new physics. One simply performs an angular analysis on all decays in which a J/ψ is produced accompanied by a charged or neutral K^∗. A nonzero value of Λ_{⊥i} is a smoking-gun signal for new physics.

Now, suppose that Λ_{⊥i} is measured to be nonzero. This means that new physics is present, which in turn implies that the measured value of β as extracted from B^0_d (t) → J/ψK_S or B^0_d (t) → ψK^∗ is not the true SM value of β. This then raises the following questions. Is it nevertheless possible to obtain the true value of β from measurements of B^0_d (t) → ψK^∗? If not, can one at least constrain the difference |β − β^{meas}|? We explore these questions below.

It is straightforward to show that one cannot extract the true value of β. There are a total of six amplitudes describing B^0_d (t) → ψK^∗ [Eq. (3)]. Experimentally, at best one can measure the magnitudes and relative phases of these six amplitudes, giving 11 measurements. However, there are a total of 13 theoretical parameters describing these amplitudes: 3 a_λ’s, 3 b_λ’s, 5 strong phase differences, ϕ and β. Since there are more unknown parameters than there are measurements, one cannot obtain any of the unknowns. In particular, it is impossible to extract β.

However, it is still possible to constrain the theoretical parameters. For example, with a bit of algebra one can express b_λ as follows:

b^2_λ = 1 2 sin^2 ϕ [ Λ_{λλ} − √ Λ^2_{λλ} − Σ^2_{λλ} cos(2β^{meas}_λ − 2β) ] . (9)

The minimum value of b^2_λ is easy to find:

b^2_λ ≥ 1 2 [ Λ_{λλ} − √ Λ^2_{λλ} − Σ^2_{λλ} ] . (10)

Thus, if direct CP violation is observed (Σ_{λλ} ≠ 0), one can place a lower bound on the new-physics amplitude b_λ, and consequently the scale of new physics. The above bound becomes trivial, i.e. b_λ ≥ 0, if all strong phases are quite small, leading to a vanishing value of Σ_{λλ}. However, even if the strong phases vanish, it is still possible to obtain lower bounds on b_λ and |β − β^{meas}| using measurements of Λ_{⊥i} [12].

R.S. thanks the organizers of FPCP2002 for a wonderful conference. N.S. and R.S. thank D.L. for the hospitality of the Université de Montréal, where part of this work was done. The work of D.L. was financially supported by NSERC of Canada. The work of Nita Sinha was financially supported by a young scientist award of the Department of Science and Technology, India.

References

[1] For a review, see, for example, The BaBar Physics Book, eds. P.F. Harrison and H.R. Quinn, SLAC Report 504, October 1998.

[2] R. Patterson, Conference Summary talk in this proceedings.

[3] L. Wolfenstein, Phys. Rev. Lett. 51 (1983) 1945.

[4] See, for example, M. Gronau and D. London, Phys. Rev. D55 (1997) 2845; Y.

Grossman and M.P. Worah, Phys. Lett. 395B (1997) 241.

[5] For a discussion, see K. Leroux and D. London, Phys. Lett. 526B (192002) 97.

[6] G. H. Wu and A. Soni, Phys. Rev. D 62, 056005 (2000) [arXiv:hep-ph/9911419].

[7] N. Sinha and R. Sinha, Phys. Rev. Lett. 80 (1998) 3706.

[8] A.S. Dighe I. Dunietz and R. Fleischer, Eur. Phys. J. C6 (1999) 647.

[9] G. Valencia, Phys. Rev. D 39, 3339 (1989);

[10] G. Burdman and J. F. Donoghue, Phys. Rev. D 45, 187 (1992). [11] X. G. He and W. S. Hou, Phys. Rev. D 58, 117502 (1998). Our conclusions differ significantly from those drawn in this reference. We do not find new physics models contributing to Λ_{⊥i} as discussed in this reference. We also find that there is no need to flavor tag B.

[12] David London, Nita Sinha and Rahul Sinha, in preparation.