arXiv:hep-ph/0303159 v3 4 Dec 2003

UdeM-GPP-TH-03-108

Triple-Product Correlations in B → V_1V_2 Decays and New Physics

Alakabha Datta^{a,b,1} and David London^{b,2}

a: Department of Physics, University of Toronto, 60 St. George Street, Toronto, ON, Canada M5S 1A7 b: Laboratoire René J.-A. Lévesque, Université de Montréal, C.P. 6128, succ. centre-ville, Montréal, QC, Canada H3C 3J7

Abstract

In this paper we examine T-violating triple-product correlations (TP’s) in B → V_1V_2 decays. TP’s are excellent probes of physics beyond the standard model (SM) for two reasons: (i) within the SM, most TP’s are expected to be tiny, and (ii) unlike direct CP asymmetries, TP’s are not suppressed by the small strong phases which are expected in B decays. TP’s are obtained via the angular analysis of B → V_1V_2. In a general analysis based on factorization, we demonstrate that the most promising decays for measuring TP’s in the SM involve excited final-state vector mesons, and we provide estimates of such TP’s. We find that there are only a handful of decays in which large TP’s are possible, and the size of these TP’s depends strongly on the size of nonfactorizable effects. We show that TP’s which vanish in the SM can be very large in models with new physics. The measurement of a nonzero TP asymmetry in a decay where none is expected would specifically point to new physics involving large couplings to the right-handed b-quark.

1datta@physics.utoronto.ca 2london@lps.umontreal.ca

1 Introduction

There is a great deal of interest these days in the study of CP violation in the B system. By examining CP-violating effects in B decays, we hope to get some clues as to the origin of CP violation in the quark sector. If we are lucky, the standard model (SM) explanation of CP violation — a complex phase in the Cabibbo-Kobayashi- Maskawa (CKM) matrix — will be shown to be insufficient to explain the data, and we will therefore have found indirect evidence for the presence of physics beyond the SM.

Most of the theoretical work on this subject has concentrated on mixing-induced CP-violating asymmetries in neutral B decays, while a smaller fraction has focussed on direct CP asymmetries [1]. However, there is another class of CP-violating effects which has received considerably less attention, and which can also reveal the presence of new physics: triple-product correlations. These take the form ⃗v_1 · (⃗v_2 ×⃗v_3), where each v_i is a spin or momentum. These triple products (TP’s) are odd under time reversal (T) and hence, by the CPT theorem, also constitute potential signals of CP violation. One can establish the presence of a nonzero TP by measuring a nonzero value of the asymmetry A_T ≡ Γ(⃗v_1 · (⃗v_2 × ⃗v_3) > 0) − Γ(⃗v_1 · (⃗v_2 × ⃗v_3) < 0) Γ(⃗v_1 · (⃗v_2 × ⃗v_3) > 0) + Γ(⃗v_1 · (⃗v_2 × ⃗v_3) < 0)

, (1)

where Γ is the decay rate for the process in question.

Of course, there is a well-known technical complication for such effects: strong phases can produce a nonzero value of A_T , even if the weak phases are zero (i.e. there is no CP violation). Thus the TP asymmetry A_T is not a true T-violating effect (we refer to it as T-odd). However, one can still obtain a true T-violating (and hence CP-violating) signal by comparing A_T with Ā_T , where Ā_T is the T-odd asymmetry measured in the CP-conjugate decay process [2].

TP asymmetries are similar to direct CP asymmetries in two ways: (i) they are both obtained by comparing a signal in a given decay with the corresponding signal in the CP-transformed process, and (ii) both are nonzero only if there are two interfering decay amplitudes. However, there is an important difference between the two. Denoting ϕ and δ as the relative weak and strong phases, respectively, between the two interfering amplitudes, the signal for direct CP violation can be written

A^{dir}_{CP} ∝ sin ϕ sin δ , (2)

while, as we shall see, that for the (true T-violating) TP asymmetry is given by

A_T ∝ sin ϕ cos δ . (3)

The key point here is that one can produce a direct CP asymmetry only if there is a nonzero strong-phase difference between the two decay amplitudes. However, it has been argued that, due to the fact that the b-quark is heavy, all strong phases in B decays should be rather small. In this case, all direct CP-violation signals will be tiny as well. On the other hand, TP asymmetries are maximal when the strong-phase difference vanishes. Thus, it may well be more promising to search for triple-product asymmetries than direct CP asymmetries in B decays.

One class of B processes in which triple products are generally expected to appear are the decays of a B-meson (charged or neutral) into two final-state vector mesons: B → V_1V_2. In the rest frame of the B, the TP takes the form ⃗q · (⃗ε_1 × ⃗ε_2), where ⃗q is the momentum of one of the final vector mesons, and ⃗ε_1 and ⃗ε_2 are the polarizations of V_1 and V_2. Since B^0_d and B^± mesons are already being produced copiously at the B-factories BaBar and Belle, the study of such TP signals can be performed now.

Some triple-product signals in the B system have been studied within the SM in past analyses – they were first examined many years ago by Valencia [2], and several general studies of B → V_1V_2 decays were subsequently performed [3, 4, 5, 6]. In these papers, it is found that the TP’s with ground state vector mesons are (almost) all small. As we show in the present paper, this result can be understood, in a general analysis based on factorization, in terms of mass and flavour suppressions. On the other hand, these suppressions are small or absent for decays involving excited vector mesons. We therefore note that the most promising decays for measuring TP’s in the SM involve radially-excited mesons, and we provide estimates of the TP’s in such decays, as well as in several other modes not considered previously. However, as we show, most of these TP asymmetries are also expected to be small in the SM. The fact that most TP’s are expected to be small in the SM makes their measurements a very promising method for searching for new physics.

We begin in Sec. 2 with a general review of triple-product correlations in B → V_1V_2 decays. Using factorization, we describe the conditions which must be present in order to produce a TP in a given decay. We then present a detailed list of exclusive decays which are expected to yield TP’s in the SM. We also discuss the possibility of generating TP’s via mixing. In Sec. 3, we turn to the question of the experimental prospects for measuring TP’s. It is well known that one can disentangle the helicities of the V_1V_2 final state via an angular analysis. We briefly review this analysis, stressing that this is precisely how TP’s are measured. As we will show, TP’s are typically suppressed by a factor of at least m_V /m_B , and are further suppressed if V_1 and V_2 are related by a symmetry. Consequently, the TP’s in B decays to ground-state vector mesons are all expected to be very small, and this has been found by previous analyses. On the other hand, decays in which the final-state vector mesons are unrelated, and as heavy as possible, are less affected by these suppressions. The most promising decays for the detection of TP’s are therefore those which involve final-state radially-excited mesons. In this section, we estimate the size of the TP’s, as well as the branching ratios, for such decays. Although there are some TP’s which may be large, the great majority of B decays exhibit very small TP’s. This makes them an ideal place to look for physics beyond the SM – should any large TP be found, this would be a clear signal of the presence of new physics. We also address the issue of nonfactorizable effects in this section, as well as how TP’s may help in the resolution of discrete ambiguities in the measurement of the angles of the unitarity triangle. Finally, in Sec. 4, we examine the properties of new physics which can modify the SM predictions for TP’s in various B → V_1V_2 decays. Specifically, we show that if the new physics involves significant couplings to the right-handed b-quark, large TP asymmetries can be produced. We illustrate this in the context of a specific new-physics model, supersymmetry with broken R-parity. This demonstrates quite clearly that the measurement of TP’s is an excellent way to search for new physics. We summarize our results in Sec. 5.

2 Triple Products in B → V V decays

2.1 General Considerations

In this subsection, we follow the analysis of Ref. [2], and use the following notation at the meson level: B(p) → V_1(k_1, ε_1) + V_2(k_2, ε_2). The decay amplitude can then be expressed as follows:

M = a ε^∗_1 · ε^∗_2 + b m^2_B

(p · ε^∗_1)(p · ε^∗_2) + i c m^2_B ϵ_{μνρσ} p^μq^ν ε^{∗ρ}_1 ε^{∗σ}_2 , (4)

where q ≡ k_1 − k_2. (Note that we have normalized terms with a factor m^2_B, rather than m_1m_2 as in Ref. [2]. With the above normalization, each of a, b and c is expected to be the same order of magnitude.) The a and b terms correspond to combinations of s- and d-wave amplitudes while the c term corresponds to the pwave amplitude for the final state. The quantities a, b and c are complex and will in general contain both CP-conserving strong phases and CP-violating weak phases.

In |M|^2, a triple-product correlation arises from interference terms involving the c amplitude, and will be present if Im(ac^∗) or Im(bc^∗) is nonzero. In the rest frame of the B meson, this TP takes the form ⃗q · (⃗ε^∗_1 × ⃗ε^∗_2).

However, as discussed above, due to the presence of strong phases, such TP’s are not necessarily true T-violating effects. To obtain a true measure of T violation, one has to compare the triple product measured in B → V_1V_2 with that obtained in the CP-conjugate process. Using CPT, the amplitude for the CP-conjugate process B̄(p) → V̄_1(k_1, ε_1) + V̄_2(k_2, ε_2) can be expressed as follows:

M = ā ε^∗_1 · ε^∗_2 + b̄ m^2_B

(p · ε^∗_1)(p · ε^∗_2) − i c̄ m^2_B ϵ_{μνρσ} p^μq^ν ε^{∗ρ}_1 ε^{∗σ}_2 , (5)

where ā, b̄ and c̄ can be obtained from a, b and c by changing the sign of the weak phases. If CP is conserved, one has ā = a, b̄ = b and c̄ = c.

Note that CPT leaves invariant each of the three Lorentz scalars in Eq. (4). Thus, because the p-wave amplitude in M changes sign relative to that of M, the sign of the T-odd asymmetry in |M |^2 is opposite that in |M|^2. The true T-violating asymmetry is therefore found by adding the T-odd asymmetries in |M|^2 and |M|^2 [2]: A_T ≡ 1 2 (A_T + Ā_T ) . (6)

Writing a = ∑ i a_ie^{iϕai} e^{iδai} , ā = ∑ i a_ie^{−iϕai} e^{iδai} , (7) b = ∑ i b_ie^{iϕbi} e^{iδbi} , b̄ = ∑ i b_ie^{−iϕbi} e^{iδbi} , (8) c = ∑ i c_ie^{iϕci} e^{iδci} , c̄ = ∑ i c_ie^{−iϕci} e^{iδci} , (9) where the ϕ^{a,b,c}_i (δ^{a,b,c}_i ) are weak (strong) phases, we see that 1 2 [Im(ac^∗) − Im(āc̄^∗)] = ∑ i,j a_ic_j sin ( ϕ^a_i − ϕ^c_j ) cos ( δ^a_i − δ^c_j ) , (10) 1 2 [ Im(bc^∗) − Im(b̄c̄^∗) ] = ∑ i,j b_ic_j sin ( ϕ^b_i − ϕ^c_j ) cos ( δ^b_i − δ^c_j ) , (11)

which explains the form of Eq. (3).

2.2 Factorization

Not all B → V_1V_2 decays will necessarily yield triple products. In this subsection, we use the framework of naive factorization to examine the conditions which are required in order to produce a TP in a given decay. It should be noted that there have been recent developments in the study of nonleptonic decays, such as QCD factorization [7] and PQCD [8], in which corrections to naive factorization proportional to α_s have been calculated in the heavy m_B limit. QCD factorization has been applied to some B → V_1V_2 decays [9]. However, some of the corrections to naive factorization turn out to be divergent, so that predictive power is lost.

Previous analyses, using naive factorization, have found that most TP asymmetries with ground state vector mesons are expected to be small in the SM [2, 3, 4, 5, 6]. As will be shown, we agree with this result. Note that this conclusion will necessarily hold even if one employs QCD factorization or PQCD, since the dominant contribution comes from naive factorization in these approaches. It is possible that nonfactorizable effects are significant in certain B → V_1V_2 decays, particularly those dominated by colour-suppressed amplitudes. We discuss these effects in some detail later (Sec. 3.3), and attempt to take them into account in our analysis. For

B decays to radially-excited vector mesons, which have not been considered previously, we also use naive factorization to estimate the TP asymmetries. (Note that the methods of QCD factorization or PQCD have not been developed or used with radially-excited states.)

The starting point for factorization is the SM effective hamiltonian for B decays [10]: H^q_{ef f} = G_F √ 2 [V_{f b}V^∗_{f q} (c_1O^q_{1f} + c_2O^q_{2f} ) − 10∑ i=3 (V_{ub}V^∗_{uq}c^u_i + V_{cb}V^∗_{cq} c^c_i + V_{tb}V^∗_{tq} c^t_i)O^q_i ] + h.c., (12)

where the superscript u, c, t indicates the internal quark, f can be the u or c quark, and q can be either a d or s quark. The operators O^q_i are defined as O^q_{f 1} = q̄_αγ_μLf_βf̄_β γ^μLb_α , O^q_{2f} = q̄γ_μLff̄ γ^μLb , O^q_{3,5} = q̄γ_μLbq̄^′γ^μL(R)q^′ , O^q_{4,6} = q̄_αγ_μLb_βq̄^′_βγ^μL(R)q^′_α , (13)

O^q_{7,9} = 3 2 q̄γ_μLbe_q′q̄^′γ^μR(L)q^′ , O^q_{8,10} = 3 2 q̄_αγ_μLb_βe_q′q̄^′_βγ^μR(L)q^′_α , where R(L) = 1 ± γ_5, and q^′ is summed over u, d, s, c. O_2 and O_1 are the treelevel and QCD-corrected operators, respectively. O_{3−6} are the strong gluon-induced penguin operators, and operators O_{7−10} are due to γ and Z exchange (electroweak penguins), and “box” diagrams at loop level. In what follows, the important point is that all SM operators involve a left-handed b-quark.

Within factorization, the amplitude for B → V_1V_2 can be written as

A(B → V_1V_2) = ∑ O,O^′ {⟨V_1| O |0⟩ ⟨V_2| O^′ |B⟩ + ⟨V_2| O |0⟩ ⟨V_1| O^′ |B⟩} , (14) where O and O^′ are pieces of the O^q_i operators above. The specific quark content of these operators depends on the final state V_1V_2. (As mentioned above, we return to the question of nonfactorizable effects in Sec. 3.)

In the following, we write the quark-level decay as b → qq̄^′q^′, and call the spectator quark q̄_s. As noted above, there are two categories of operators which contribute to this decay: (i) tree contributions, which have the form q̄^′γ^μ(1 − γ_5)b q̄γ_μ(1 − γ_5)q^′, and (ii) penguin operators, which have the form q̄γ^μ(1 − γ_5)b q̄^′γ_μ(1 ± γ_5)q^′. (In all operators, both colour assignments are understood.)

Consider now the first term in the above expression, ∑ O,O^′ ⟨V1| O |0⟩ ⟨V2| O ′ |B⟩. Let us first suppose that V_1 = qq̄^′ (so-called colour-allowed decays). Then

⟨V_1| q̄γ^μq^′ |0⟩ = m_1g_{V1} ε^{∗μ}_1 . (15)

The tree operator involves the factor q̄γ_μ(1 − γ_5)q^′, and therefore has the right form. On the other hand, one must perform a Fierz transformation on the penguin operators to obtain the correct form. Those operators of the form q̄γ^μ(1−γ_5)bq̄^′γ_μ(1−γ_5)q^′

Fierz-transform into q̄^′γ^μ(1−γ_5)bq̄γ_μ(1−γ_5)q^′, just like the tree contributions (modulo colour factors). However, penguin operators of the form q̄γ^μ(1−γ_5)bq̄^′γ_μ(1+γ_5)q^′ Fierz-transform into −2q̄^′(1 − γ_5)bq̄(1 + γ_5)q^′, and these will not contribute to the decay, since ⟨V_1| q̄(1 + γ_5)q^′ |0⟩ = 0. We therefore find that ∑ O,O^′ ⟨V_1| O |0⟩ ⟨V_2| O^′ |B⟩ = Xε^{∗μ}_1 ⟨V_2| q̄^′γ_μ(1 − γ_5)b |B⟩ , (16) where X is a factor which includes a combination of Wilson coefficients and weak CKM phases (e.g. V_{cb}V^∗_{cq} and V_{tb}V^∗_{tq}). The upshot is that, within the SM, there is only one decay amplitude (i.e. operator) for this term, and the fundamental reason for this is that the SM involves only left-handed b-quarks.

One obtains a similar expression for the case where V_1 = q^′q̄^′ (so-called coloursuppressed (or electroweak penguin) decays). The only difference is that, in this case, the penguin operators have the correct form, but the tree operator must be Fierz-transformed. However, one still ends up with an expression for the amplitude similar to that above.

Now, in order to cast Eq. (16) in the same form as Eq. (4), one must express the remaining matrix element above in terms of form factors. This can be done as follows [11]: ⟨V_2(k_2)| q̄^′γ_μb |B(p)⟩ = i 2V^{(2)}(r^2) (m_B + m_2) ϵ_{μνρσ} p^ν k^ρ_2 ε^{∗σ}_2 , ⟨V_2(k_2)| q̄^′γ_μγ_5b |B(p)⟩ = (m_B + m_2)A^{(2)}_1 (r^2) [ ε^∗_{2μ} − ε^∗_2.r r^2 r_μ ]

− A^{(2)}_2 (r^2) ε^∗_2.r m_B + m_2 [ (p_μ + k_{2μ}) − m^2_B − m^2 r^2 r_μ ]

+ 2im_2 ε^∗_2.r r^2 r_μA^{(2)}_0 (r^2) , (17)

where r = p − k_2, and V^{(2)}, A^{(2)}_1 , A^{(2)}_2 and A^{(2)}_0 are form factors. Thus, the first term of Eq. (14) is given by ∑ O,O^′ ⟨V_1| O |0⟩ ⟨V_2| O^′ |B⟩ = −(m_B + m_2)m_1g_{V1} XA^{(2)}_1 (m^2_1)ε^∗_1 · ε^∗_2 + 2 m_1 m_B + m_2 g_{V1} XA^{(2)}_2 (m^2_1)ε^∗_2 · pε^∗_1 · p − i m_1 (m_B + m_2) g_{V1} XV^{(2)}(m^2_1)ϵ_{μνρσ} p^μq^ν ε^{∗ρ}_1 ε^{∗σ}_2 ,(18)

where we have used k_2 = (p−q)/2. The key point here is that all phase information is contained within the factor X, which is common to all three independent amplitudes. Thus, these quantities all have the same phase.

A similar analysis holds for the second term in Eq. (14): ∑ O,O^′ ⟨V_2| O |0⟩ ⟨V_1| O^′ |B⟩ = −(m_B + m_1)m_2g_{V2} Y A^{(1)}_1 (m^2)ε^∗_1 · ε^∗_2 + 2 m_2 m_B + m_1 g_{V2} Y A^{(1)}_2 (m^2)ε^∗_2 · pε^∗_1 · p − i m_2 (m_B + m_1) g_{V2} Y V^{(1)}(m^2)ϵ_{μνρσ} p^μq^ν ε^{∗ρ}_1 ε^{∗σ}_2 .(19)

As before, all three independent amplitudes have the same phase, Y (though this is not necessarily equal to that of the first term, X).

We can now express the quantities a, b and c of Eq. (4) as follows:

a = −m_1g_{V1} (m_B + m_2)A^{(2)}_1 (m^2_1)X − m_2g_{V2} (m_B + m_1)A^{(1)}_1 (m^2)Y

b = 2m_1g_{V1} m_B (m_B + m_2) m_BA^{(2)}_2 (m^2_1)X + 2m_2g_{V2} m_B (m_B + m_1) m_BA^{(1)}_2 (m^2)Y

c = −m_1g_{V1} m_B (m_B + m_2) m_BV^{(2)}(m^2_1)X − m_2g_{V2} m_B (m_B + m_1) m_BV^{(1)}(m^2)Y .(20)

At this point we can make an important general observation. As noted previously, TP’s will be produced in B → V_1V_2 decays as long as Im(ac^∗) or Im(bc^∗) is nonzero. However, from the above equation, we see that if either X or Y is zero, then a, b and c will all have the same phase, so that Im(ac^∗) = Im(bc^∗) = 0. Therefore, in order to have a triple-product correlation in a given decay, both of the amplitudes in Eq. (14) must be present.

This is perhaps a surprising result. Naively, one would think that if a particular decay receives both tree and penguin contributions, with different weak phases, Tviolating TP’s would automatically arise. However, as we have shown above, this is not necessarily so. The reason is that TP’s are a kinematical CP-violating effect [12]. It is therefore not enough to have two decay amplitudes with a relative weak phase. What one really needs is two different kinematical amplitudes with a relative weak phase.

There is a second important point: if we replace the index ‘2’ by ‘1’ in Eq. (20) above, a, b and c will once again have the same phase. We therefore see explicitly that if V_1 = V_2, no TP’s can be produced. (This is to be expected since, from Eq. (14), there is only a single amplitude in this case.) However, it also indicates that if V_1 and V_2 are similar, i.e. related by a symmetry, the phases of a, b and c will also be similar, and the TP correspondingly suppressed. This will be important when we estimate the sizes of TP’s for specific exclusive decays.

2.3 Triple products in specific exclusive decays

We now turn to establishing which specific exclusive B → V_1V_2 decays are expected to have triple-product correlations in the SM. As we have noted above, two kinematical amplitudes are necessary in order for a TP to be produced.

To a first approximation, there is a simple rule for determining which processes have two such amplitudes: in the quark-level decay b → qq̄^′q^′, if the spectator quark q̄_s is the same as q̄^′, then the two amplitudes of Eq. (14) will be present. However, this is not sufficient to generate a true T-violating TP. It is also necessary that the two kinematical amplitudes have different weak phases. Thus, if the quark-level decay is dominated by a single decay amplitude, a TP can never be generated. This is the case for the quark-level decays b → cc̄s, whose tree and penguin contributions have approximately the same weak phase (an example of such a decay at the meson level is B → J/ψK^∗). It also holds for pure b → s penguin decays, which are dominated by internal t-quark exchange (e.g. B → ϕK^∗).

This rule must be modified slightly when the flavour wavefunction of one of the final-state vector mesons contains more than one piece (e.g. the ρ^0 is composed of both uū and dd̄ pairs). In this case, several different quark-level b → qq̄^′q^′ decays can contribute to the final state, and q̄_s must be the same as one of the q̄^′ quarks. Furthermore, it is necessary that V_1 and V_2 have different flavour wavefunctions. For example, suppose that V_1 = ρ^0 and V_2 = ρ^{0′}, where ρ^{0′} is an excited state. In this case, even though V_1 ≠ V_2, there will still be no TP since the two kinematical amplitudes will have the same phase, i.e. one will have X = Y in Eq. (20).

With these constraints, we find that only a small number of B decays can yield TP’s in the SM. These are listed below. In the discussion of each decay mode, we use the following notation to denote the main decay amplitudes: T (colour-allowed tree amplitude), C (colour-suppressed tree amplitude), P (gluon-mediated penguin amplitude), and P_{EW} (electroweak penguin amplitude). We ignore the smaller decay amplitudes such as the OZI-suppressed gluonic penguin and the colour-suppressed electroweak penguin amplitudes (although they will be included in our numerical calculations in the next section). We also note which CKM matrix elements govern each of the decay amplitudes. For T , C, P_{EW} and b → s P amplitudes these CKM elements are always well-defined. On the other hand, b → d penguin amplitudes receive contributions from internal u, c and t quarks, which involve different combinations of CKM matrix elements. Using the unitarity of the CKM matrix, this amplitude can always be written in terms of a piece proportional to V_{tb}V^∗_{td} and another piece proportional to either V_{ub}V^∗_{ud} or V_{cb}V^∗_{cd}. However, for most decays of interest, this second piece can always be absorbed into a T or C amplitude. Thus, the b → d penguin amplitudes can usually be thought of as effectively governed by V_{tb}V^∗_{td} (there is one exception, noted below). Note also that the final-state mesons in the list below can be in the ground state or in an excited state.

• B^−_c → J/ψD^{∗−} (b → cc̄d). There are four contributing decay amplitudes: T and C (V_{cb}V^∗_{cd}), and P and P_{EW} (V_{tb}V^∗_{td}). T and P are kinematically similar, as are C and P_{EW} . Thus, TP’s arise from the interference of T and P_{EW} or C and P .

• B^− → ρ^0K^{∗−}, ωK^{∗−} (b → uūs). There are 4 contributing decay amplitudes:

T , C (V_{ub}V^∗_{us}) and P and P_{EW} (V_{tb}V^∗_{ts}). TP’s arise from the interference of T and P_{EW} or C and P .

• B^0_d → K^{∗0}ρ^0, K^{∗0}ω. This is more complicated. There are 3 contributing amplitudes: P and P_{EW} (V_{tb}V^∗_{ts}) arise from the quark-level decay b → dd̄s, while C (V_{ub}V^∗_{us}) comes from b → uūs. The TP comes from the interference of C and P .

• B^− → ρ^−ρ^0, ρ^−ω. This is the most complicated decay. Here there are 4 contributing amplitudes. T and C (V_{ub}V^∗_{ud}) correspond to the quark-level decay b → uūd, while P and P_{EW} (V_{tb}V^∗_{td}) come from both b → uūd and b → dd̄d. However, the penguin decays b → uūd and b → dd̄d are kinematically different. The TP arises mainly from the interference of T and the b → dd̄d P , but other interferences can also contribute.

• B^0_d → ρ^0ω. There can be a TP in this decay due to the fact that ρ^0 and ω have different flavour wavefunctions: ρ^0 = (uū − dd̄)/ √ 2, ω = (uū + dd̄)/ √ 2. There are several contributions: C (b → uūd: V_{ub}V^∗_{ud}), P (b → dd̄d: V_{tb}V^∗_{td}) and P_{EW} (b → uūd and b → dd̄d: V_{tb}V^∗_{td}). The TP is due mainly to C–P interference.

• B^0_s → ϕK^{∗0} (b → ss̄d). This is a pure penguin decay, and there are 2 contributing amplitudes: P and P_{EW} . In this case, the TP arises from the interference of the V_{tb}V^∗_{td} and V_{ub}V^∗_{ud} pieces of these two b → d penguin amplitudes.

Some of these decays have been studied previously: except for the B^−_c decays, the other decays in the SM, with the final-state vector mesons in the ground state, have been examined in Ref. [3].

In addition, there is another class of B → V_1V_2 decays, not considered in earlier calculations, which can potentially yield triple-product correlations:

• B^− → D^{∗0}K^{∗−} (b → cūs) receives contributions from T and C, while B^− → D̄^{∗0}K^{∗−} (b → uc̄s) is due to C alone.

• B^− → D^{∗0}ρ^− (b → cūd) receives contributions from T and C, while B^− → D̄∗0ρ− (b → uc̄d) is due to C alone.

• B^−_c → D̄^{∗0}D^{∗−}_s (b → uc̄s) receives contributions from T and C, while B^−_c → D^{∗0}D^{∗−}_s (b → cūs) is due to C alone.

• B^−_c → D̄^{∗0}D^{∗−} (b → uc̄d) receives contributions from T and C, while B^−_c → D^{∗0}D^{∗−} (b → cūd) is due to C alone.

The main decay modes of the D^{∗0} are D^0π^0 (60%) and D^0γ (40%). Similarly, the D̄^{∗0} decays to D̄^0π^0 and D̄^0γ. Therefore, if we consider a final state to which both D^0 and D̄^0 can decay, the two amplitudes in each of the items above can contribute to this decay. In this case, the interference of T (b → cūf, f = d, s) and C (b → uc̄f) will lead to a TP. (These types of interferences are similar to those proposed for the extraction of the CP phase γ [13, 14].)

In Sec. 3, we will provide estimates of the expected size of the TP’s within the SM for decays which have not been studied previously, namely charmless B^0_d , B^− and B^0_s decays to final-state excited vector mesons, B^−_c decays, and B^− and B^−_c decays to final states which include D^0 and D̄^0 mesons. Estimates of TP’s for charmless B^0_d and B^− decays to ground-state mesons have already been given in Ref. [3] and will not be repeated here. We will, however, provide general arguments of why TP’s with ground-state mesons in the SM are small.

2.4 Mixing-induced triple products

Finally, there is one more possibility which must be examined. A decay such as B^0_d → D^{∗+}D^{∗−} is not expected to yield a triple-product correlation because, while the transition B^0_d → D^{∗+} is allowed, B^0_d → D^{∗−} is not. That is, not both of the amplitudes in Eq. (14) are present. However, the missing amplitude can be generated via B^0_d –B^0_d mixing: B^0_d → B^0_d → D^{∗−}. Thus, one might wonder whether this can lead to a TP. In addition, even if a TP is expected in B^0 → V_1V_2, if B̄^0 can also decay to V_1V_2, the TP may be modified in time due to B^0–B̄^0 mixing. In this subsection, we investigate these possibilities, which were first examined by Valencia in Ref. [2].

In the presence of B^0–B̄^0 mixing, the states B^0 and B̄^0 can be written as a function of time as follows:

B^0(t) = e^{−i}(^{M −i Γ2} )^t [ cos (Δm t 2 ) B^0 − i e^{−2iϕM} sin ( Δm t 2 ) B̄^0 ] , B̄^0(t) = e^{−i}(^{M −i Γ}2 )^t [ −i e^{2iϕM} sin ( Δm t 2 ) B^0 + cos (Δm t 2 ) B̄^0 ] , (21)

where ϕ_M is the weak phase in B^0–B̄^0 mixing [ϕ_M = β (0) for B^0 = B^0_d (B^0_s )]. Following Eq. (4), we define [2]

A(B^0 → V_1V_2) = a_1s + b_1d + ic_1p A(B̄^0 → V_1V_2) = a_2s + b_2d + ic_2p A(B̄^0 → V̄_1V̄_2) = ā_1s + b̄_1d − ic̄_1p A(B^0 → V̄_1V̄_2) = ā_2s + b̄_2d − ic̄_2p , (22)

where s, d and p are defined as in Eq. (4): s ≡ ε^∗_1 · ε^∗_2, d ≡ (p · ε^∗_1)(p · ε^∗_2)/m^2_B, p ≡ ϵ_{μνρσ} p^μq^ν ε^{∗ρ}_1 ε^{∗σ}_2 /m^2_B . In the above, the barred amplitudes are obtained from the corresponding unbarred ones by changing the sign of the weak phases. We can then write M ≡ A(B^0(t) → V_1V_2) = e^{−i}(^{M −i Γ2} )^t [as + bd + icp] , (23) with

a = a_1 cos (Δm t 2 ) − i e^{−2iϕM} sin (Δm t 2 ) a_2 ,

b = b_1 cos (Δm t 2 ) − i e^{−2iϕM} sin (Δm t 2 ) b_2 ,

c = c_1 cos (Δm t 2 ) − i e^{−2iϕM} sin (Δm t 2 ) c_2 . (24)

Similarly, M̄ ≡ A(B̄^0(t) → V̄_1V̄_2) = e^{−i}(^{M −i Γ}2 )^t [ ās + b̄d − ic̄p ] , (25) with

ā = ā_1 cos ( Δm t 2 ) − i e^{2iϕM} sin (Δm t 2 ) ā_2 ,

b̄ = b̄_1 cos ( Δm t 2 ) − i e^{2iϕM} sin ( Δm t 2 ) b̄_2 ,

c̄ = c̄_1 cos (Δm t 2 ) − i e^{2iϕM} sin ( Δm t 2 ) c̄_2 . (26)

Now, since we are interested in TP’s, we will consider only the a–c interference terms in |M|^2 and |M̄|^2 (the conclusions will be identical for b–c interference) [6]. The T-violating term which interests us is found in the sum of |M|^2 and |M̄ |^2 [2]:

|M|^2_{ac} + |M̄ |^2_{ac} ∼ Im(a c^∗) − Im(ā c̄^∗)

= cos^2 (Δm t 2 ) Im(a_1 c^∗_1 − ā_1 c̄^∗_1) + sin^2 (Δm t 2 ) Im(a_2 c^∗_2 − ā_2 c̄^∗_2)

+ sin (Δm t 2 ) cos ( Δm t 2 ) Re [ e^{−2iϕM} a_2 c^∗_1 − e^{2iϕM} ā_2 c̄^∗_1

−e^{2iϕM} a_1 c^∗_2 + e^{−2iϕM} ā_1 c̄^∗_2 ] . (27)

The first term above is nonzero only if there is a TP in B^0 → V_1V_2, and describes how this TP evolves in time (note that it is the only term which does not vanish at t = 0). Similarly, the second term, which is generated due to B^0–B̄^0 mixing, describes the time evolution of the TP in B̄^0 → V_1V_2. Note that if the final state is self-conjugate, V̄_1V̄_2 = V_1V_2, we have [see Eq. (22)]

ā_2 = a_1 , ā_1 = a_2 , b̄_2 = b_1 , b̄_1 = b_2 , c̄_2 = −c_1 , c̄_1 = −c_2 . (28)

In this case, the first two terms of Eq. (27) add, and the third term vanishes, so that the TP in B^0 → V_1V_2 is independent of time.

Now consider the third term in Eq. (27). This is the term which can potentially generate a TP due to B^0–B̄^0 mixing even if the TP in B^0 → V_1V_2 is absent. Perhaps the easiest way to see what is happening here is to explicitly write the amplitudes a_1, a_2, etc. as in Eq. (9):

a_1 = ∑ i a_{1i}e^{iϕa1i} e^{iδa1i} , ā_1 = ∑ i a_{1i}e^{−iϕa1i} e^{iδa1i} , a_2 = ∑ i a_{2i}e^{iϕa2i} e^{iδa2i} , ā_2 = ∑ i a_{2i}e^{−iϕa2i} e^{iδa2i} , c_1 = ∑ i c_{1i}e^{iϕc1i} e^{iδc1i} , c̄_1 = ∑ i c_{1i}e^{−iϕc1i} e^{iδc1i} , c_2 = ∑ i c_{2i}e^{iϕc2i} e^{iδc2i} , c̄_2 = ∑ i c_{2i}e^{−iϕc2i} e^{iδc2i} . (29) Then the third term can be written as

(sin Δmt) ∑ i,j [ a_{2i}c_{1j} sin(ϕ^{a2}_i − ϕ^{c1}_j − 2ϕ_M ) sin(δ^{a2}_i − δ^{c1}_j )

−a_{1i}c_{2j} sin(ϕ^{a1}_i − ϕ^{c2}_j + 2ϕ_M ) sin(δ^{a1}_i − δ^{c2}_j ) ] . (30)

There are several points to be discussed here. It is indeed possible to generate a T-violating triple product via B^0–B̄^0 mixing even if the TP in B^0 → V_1V_2 is absent (note that we disagree with Ref. [2] on this point). However, unlike TP’s generated directly [e.g. Eq. (11)], these mixing-induced TP’s are similar to direct CP asymmetries in that they vanish when the strong-phase differences vanish. Mathematically, the reason for this can be traced to the factor of i in the expression for the timedependent B^0 and B̄^0 states [Eq. (21)]. But this can also be understood physically. As mentioned above, if the transition B^0 → V_1 is allowed, but B^0 → V_2 is not, there will be no TP. From Eq. (30), it appears that one can generate a TP through B^0–B̄^0 mixing if B̄^0 → V_2 is allowed. However, as we have stressed several times, TP’s are kinematical CP-violating effects. That is, we do not expect to generate any TP’s when the kinematics of the two amplitudes are the same. Thus, the TP will still vanish if B̄^0 → V_2 is kinematically identical to B^0 → V_1. Since the kinematics are related in part to the strong phases, it is not surprising that mixing-induced TP’s vanish when the strong-phase differences vanish.

In fact, this point can be quantified. Suppose the final state V_1V_2 is self-conjugate, in which case the amplitudes satisfy the relations in Eq. (28). It is then straightforward to show that the TP asymmetry described by Eq. (30) vanishes! Thus, for example, even when B^0_d –B^0_d mixing is taken into account, one can never generate a TP in the decay B^0_d → D^{∗+}D^{∗−}, mentioned at the beginning of this subsection, because the final state is self-conjugate. (That is, the transition B^0_d → D^{∗−} is kinematically identical to B^0_d → D^{∗+}, so that B^0_d –B^0_d mixing cannot lead to a TP.)

In light of this, we can now elaborate the conditions for generating a TP via B^0–B̄^0 mixing: (i) the final state V_1V_2 must be one to which both B^0 and B̄^0 can decay, and (ii) it must not be self-conjugate. Decays for which mixing can generate a TP include B^0_d → D^{∗+}D^{−′}, B^0_s → K^{∗−}K^{+′}, B^0_d → D^{∗+} ρ^− [15], etc., where D^{−′} and K^{+′} are excited states.

Still, as noted above, this class of TP’s is very similar to direct CP asymmetries in that both involve the quantity sin ϕ sin δ [see Eq. (2)]. Thus, compared to direct CP asymmetries, we do not get additional information from these TP’s. For this reason we will not consider them further.

3 Experimental Prospects

In the previous section, we found several B decays which are predicted to exhibit triple-product correlations in the SM. The relevant question now is: what are the prospects for detecting such TP’s experimentally? There are several issues here. What are the experimental signals for TP’s? For a given decay, what is the branching ratio, and what is the expected size of the TP? In this section, we provide answers to these questions.

3.1 Experimental Signals

In order to obtain experimental information from B → V_1V_2, it is necessary to perform an angular analysis. For this purpose, it is useful to use the linear polarization basis. In this basis, one decomposes the decay amplitude into components in which the polarizations of the final-state vector mesons are either longitudinal (A_0), or transverse to their directions of motion and parallel (A_‖) or perpendicular (A_⊥) to one another. One writes [4, 5]

M = A_0ε^{∗L}_1 · ε^{∗L}_2 − 1 √ 2 A_‖⃗ε^{∗T}_1 · ⃗ε^{∗T}_2 − i √ 2 A_⊥⃗ε^{∗T}_1 × ⃗ε^{∗T}_2 · p̂ , (31) where p̂ is the unit vector along the direction of motion of V_2 in the rest frame of V_1, ε^{∗L}_i = ⃗ε^∗_i · p̂, and ⃗ε^{∗T}_i = ⃗ε^∗_i − ε^{∗L}_i p̂. A_0, A_‖, A_⊥ are related to a, b and c of Eq. (4) via A_‖ = √ 2a , A_0 = −ax − m_1m_2 m^2_B b(x^2 − 1) , A_⊥ = 2 √ 2 m_1m_2 m^2_B c √ x^2 − 1 , (32)

where x = k_1 · k_2/(m_1m_2). (A popular alternative basis is to express the decay amplitude in terms of helicity amplitudes A_λ, where λ = 1, 0, −1 [3, 4]. The helicity amplitudes can be written in terms of the linear polarization amplitudes via A_{±1} = (A_‖ ± A_⊥)/ √ 2, with A_0 the same in both bases.)

The angular distribution of the decay depends on the decay products of V_1 and V_2. For the case where both vector mesons decay into pseudoscalars, i.e. V_1 → P_1P^′_1, V_2 → P_2P^′_2, one has [4, 5] dΓ d cos θ_1d cos θ_2dϕ = N ( |A_0|^2 cos^2 θ_1 cos^2 θ_2 + |A_⊥|^2 2 sin^2 θ_1 sin^2 θ_2 sin^2 ϕ

+ |A_‖|^2 2 sin^2 θ_1 sin^2 θ_2 cos^2 ϕ +

Re(A_0A^∗_‖) 2 √ 2 sin 2θ_1 sin 2θ_2 cos ϕ − Im(A_⊥A^∗_0) 2 √ 2 sin 2θ_1 sin 2θ_2 sin ϕ −

Im(A_⊥A^∗_‖) 2 sin^2 θ_1 sin^2 θ_2 sin 2ϕ ) ,(33)

where θ_1 (θ_2) is the angle between the directions of motion of the P_1 (P_2) in the V_1 (V_2) rest frame and the V_1 (V_2) in the B rest frame, and ϕ is the angle between the normals to the planes defined by P_1P^′_1 and P_2P^′_2 in the B rest frame. (For other decays of the V_1 and V_2 (e.g. into e^+e^−, P γ or three pseudoscalars), one will obtain a different angular distribution, see Refs. [3, 4, 5].)

Now, the above angular distribution already appears in most of the papers in Refs. [3, 4, 5]. We repeat it here to emphasize the following point. The terms which are of interest to us are those proportional to Im(A_⊥A^∗_0) and Im(A_⊥A^∗_‖). From Eq. (32) above, these are related to Im(ac^∗) and Im(bc^∗). In other words, these two terms in Eq. (33) are precisely the triple-product correlations. Thus, by performing a full angular analysis, one can in fact obtain the TP’s.

Note that these terms are often referred to as CP-violating in Refs. [3, 4, 5]. However, as we have already noted, this is not accurate – they are really T-odd terms, and it is only by adding the TP’s in |M|^2 and |M|^2 that one can obtain a truly T-violating effect.

3.2 Sizes of Triple Products – Factorization

In this subsection we estimate the sizes of the triple products within factorization. We concentrate on those TP’s which are generated directly (i.e. not via mixing) because they do not vanish when the strong phases vanish. Note: from the point of view of searching for new physics, the precise predicted value of a given TP is not particularly important. What is relevant is the question of whether that TP is measurable (> 5%) or not. If it is expected to be small within the SM, then the measurement of a large value for that TP would point clearly towards the presence of physics beyond the SM. As we will see, most TP’s are expected to be very small in the SM.

As mentioned in the previous subsection, the presence of the terms Im(A_⊥A^∗_0) or Im(A_⊥A^∗_‖) in the angular distribution will indicate a nonzero TP asymmetry. In order to estimate the size of T violation in a given decay, we define the following T-odd quantities:

A^{(1)}_T ≡

Im(A_⊥A^∗_0) A^2_0 + A^2_‖ + A^2_⊥

, A^{(2)}_T ≡

Im(A_⊥A^∗_‖) A^2_0 + A^2_‖ + A^2_⊥

. (34)

The corresponding quantities for the charge-conjugate process, Ā^{(1)}_T and Ā^{(2)}_T , are defined similarly. The comparison of the TP asymmetries in a decay and in its corresponding CP-conjugate process will give a measure of the true T-violating asymmetry for that decay.

In order to calculate the TP quantities defined above, we first need the values of a, b and c in Eq. (20). These are obtained using estimates of form factors, along with the latest Wilson coefficients (including strong phases), decay constants and CKM matrix elements. From these, we then calculate the linear polarization amplitudes of Eq. (32) to obtain the branching ratios (BR’s) and T-odd TP’s. As indicated above, in order to get true T-violating TP’s, we need to calculate ā, b̄ and c̄ as well.

3.3 SM Triple Products in B Decays to Ground-State Vector Mesons

As mentioned earlier, the sizes of TP’s for B decays to ground-state vector mesons in the SM have been already estimated for many modes [3], and have been found to be small. Without performing any actual calculations, we can understand this result by making some general observations. First, as noted at the end of Sec. 2.3, if V_1 and V_2 are the same particle, the TP vanishes. Similarly, if V_1 = V_2 in some symmetry limit, then there is again no TP in this limit since a, b and c of Eq. (20) are all proportional to X + Y , and there is no relative phase. Thus, in this case the size of the TP is related to the size of the symmetry breaking. We call this flavour suppression. For example, we expect the TP in B^− → ρ^−ρ^0 to be tiny because the ρ^− and ρ^0 are related by isospin. Similarly, the TP in B → K^∗ρ is expected to be small since the K^∗ and ρ are related by flavour SU(3) symmetry.

Second, consider B → V_1V_2 decays in which the final vector mesons are light: m_{1,2} ≪ m_B. Neglecting terms of O(m^2_{1,2}/m^2_B), we can then approximate E_1 ∼ E_2 ∼ |⃗k| = E = m_B/2. Then, using Eq. (32), we have for the various linear polarization amplitudes

A_0 ≈ −(2a + b)

E^2 m_1m_2 , A_‖ ≈ √ 2a , A_⊥ ≈ √ 2c . (35)

Naively, since a, b and c are expected to be of the same order, this then implies that A_{‖,⊥} A_0 ∼ m_1m_2 E^2

, (36)

We therefore expect the TP effects in A^{(1)}_T to be suppressed by m_1m_2/E^2, while those in A^{(2)}_T are even smaller: A^{(2)}_T ∼ (m_1m_2/E^2)^2. This behavior can be understood rather simply. The form of the TP term in Eq. (4) requires that both V_1 and V_2 be transversely polarized. However, the polarization vector for transverse polarization is suppressed relative to that for longitudinal polarization by m/E. This leads to the above suppression factors for TP’s in B → V_1V_2. (This to be contrasted with T violation in Λ_b → F_1V decays, where F_1 is a spin-1/2 baryon and V a vector meson. Here the final-state V can be longitudinally polarized, so that a T-violating asymmetry can be produced without any suppression by powers of m_V /m_{Λb} [16].)

Assuming factorization and using the expressions for a, b and c given in Eq. (20), from Eq. (35) we obtain

A_0 = A_{0X} + A_{0Y} ,

A_{0X} ≈ 2m_B m_1g_{V1} X [( A^{(2)}_1 − A^{(2)}_2 ) + m_2 m_B ( A^{(2)}_1 + A^{(2)}_2 )] E^2 m_1m_2 , A_{0Y} ≈ 2m_B m_2g_{V2} Y [( A^{(1)}_1 − A^{(1)}_2 ) + m_1 m_B ( A^{(1)}_1 + A^1_2 )] E^2 m_1m_2 , A_‖ ≈ − √ 2m_B [ m_1g_{V1} ( 1 + m_2 m_B ) A^{(2)}_1 (m^2_1)X + m_2g_{V2} ( 1 + m_1 m_B ) A^{(1)}_1 (m^2)Y ] , A_⊥ ≈ − √ 2m_B [ m_1g_{V1} ( 1 − m_2 m_B ) V^{(2)}(m^2_1)X

+ m_2g_{V2} ( 1 − m_2 m_B ) V^{(1)}(m^2)Y ] . (37)

The above equations exhibit the same suppression of the A_{‖,⊥} amplitudes relative to A_0 as that given in Eq. (36). However, from the expression for A_0, one sees that if we have A_1 ≈ A_2 then the suppression of A_{‖,⊥} relative to A_0 will be diluted from m_1m_2/E^2 to simply m/E (where m = m_1 or m_2). In fact, this may well be the case: if the dominant contribution to the form factors comes from soft gluon interactions between the quarks inside the mesons then one has the following relations between the vector form factors [17]:

A_1 = A_2 + O(m/E) , V = A_1 + O(m/E) . (38)

On the other hand, in the presence of hard gluon interactions, the relations in the above equation no longer hold. Still, even for this scenario, the form factors A_1 and A_2 have been found numerically to be very similar [18].

The main point here is that all triple-product correlations in charmless B → V_1V_2 decays are suppressed by some power of m/E. We call this mass suppression.

Thus, all TP’s in B → V_1V_2 decays suffer from a combination of flavour and mass suppression. These suppressions are most severe for the B decays to groundstate vector mesons which have been studied previously. For example, even for interfering amplitudes of similar size, the flavour suppression from isospin symmetry will produce a negligible TP. In fact, the earlier calculations [3] find that most SM TP’s in B decays with final-state ground state mesons are small, less than 5%, and we largely agree with these results (we have checked these estimates using updated values for the CKM parameters ρ and η, the Wilson coefficients, and various form factors).

There is one point on which we disagree with previous analyses. Some of the papers in Ref. [3] find large [O(10%)] TP’s for B decays involving ground-state vector mesons. In general, these large TP’s correspond to decays with final-state ω mesons. In principle, such decays might avoid flavour suppression since the ω is an SU(3) singlet. However, since the mass, form factors and decay constants for the ω are very similar to those of the ρ, flavour suppression is expected to be present even for decays involving ω’s, and this is what we find through explicit calculation. We therefore conclude that the TP’s for B decays to ground-state vector mesons are all small in the SM.

3.4 SM Triple Products: Radially-Excited Vector Mesons and other New Decays

Based on the discussion above, it is clear that the measurement of TP asymmetries will be facilitated if one uses the heaviest final-state vector mesons possible. This will minimize the mass suppression of the TP’s. For example, one could consider decays of the B_c mesons using b → c transitions. For charmless B decays it might be more useful to consider decays to radially-excited states of the vector mesons ρ, K^∗ or ϕ. As shown in Ref. [19], such transitions can have branching ratios which may be larger than, or of the same size as, decays to the ground state configurations. This is easily understood in the context of factorization. Consider the decay B → V^′_1 V_2 where V^′_1 is the radially-excited meson and V_{1,2} are the ground-state mesons. We assume that both V^′_1 and V_2 are light mesons. The amplitude for the process is then ⟨V_2(⃗p) V^′_1 (−⃗p)| T |B⟩ = ⟨V^′_1 (−⃗p)| J_{1μ} |B⟩ ⟨V_2(⃗p)| J^μ_2 |0⟩ , (39) where J_{1,2} are currents that occur in the effective Hamiltonian [Eq. (12)]. The transition matrix element for the hadronic decay can then be written in terms of B → V^′_1 form factors and the V_2 meson decay constant. The form factors can be expressed as overlap integrals of the B and the V^′_1 meson wavefunctions. When V^′_1 is a light meson, with a mass much smaller than that of the B meson, the main contributions to the overlap integrals come from the high-momentum components, or the tail, of the meson wavefunctions. For a radially-excited meson V^′_1 , which has more high-momentum components (i.e. a longer tail), the overlap integrals will be enhanced compared to those of the ground-state meson V_1. As a consequence, the B → V^′_1 form factors are likely to be increased compared to those of B → V_1. This would then translate into a larger branching ratio for B → V^′_1 V_2 than B → V_1V_2. In Ref. [19], this effect was demonstrated explicity with various confining potentials for the mesons.

Another advantage of using radially-excited mesons is that the TP asymmetries will not be suppressed by flavour symmetries. For instance, although the TP in B^− → ρ^−ρ^0 is tiny due to isospin symmetry, the TP asymmetry in B^− → ρ^−ρ^{0′}, where ρ^{0′} is a radially-excited state, does not suffer a corresponding flavour suppression.

In this section we provide estimates of the sizes of TP’s involving radially-excited vector mesons, as well as several other new modes not considered before.

Like any CP-violating signal, TP’s will be largest when the two interfering amplitudes are of comparable size. Also, TP asymmetries will be maximized when the largest decay amplitude is involved. (If not, then the denominator will be larger than the numerator, thereby decreasing the asymmetry.)

With these general ideas in hand, we use the framework of factorization to estimate numerically the size of the TP’s within the SM. In particular, we use factorization to estimate the matrix elements of the various operators that appear in the effective Hamiltonian [Eq. (12)]. The values of the various Wilson coefficients are given by [10]

c_{1f} = −0.185 , c_{2f} = 1.082 , c^t_3 = 0.014 , c^t_4 = −0.035 , c^t_5 = 0.010 , c^t_6 = −0.041 , c^t_7 = −1.24 × 10^{−5} , c^t_8 = 3.77 × 10^{−4} , c^t_9 = −0.010 , c^t_{10} = 2.06 × 10^{−3} .(40)

Note that the tree operators in Eq. (12) can generate via rescattering the u- and c-quark penguin pieces, proportional to V_{ub}V^∗_{uq} and V_{cb}V^∗_{cq} (q = d, s) respectively. The coefficients associated with the short-distance rescattering effects are given by

c^i_{3,5} = −c^i_{4,6}/N_c = P^i_s /N_c , c^i_{7,9} = P^i_e , c^i_{8,10} = 0 , i = u, c , (41)

where N_c is the number of colours. The leading contributions to P^i_{s,e} are given by P^i_s = (^{αs}_{8π} )c_2(^{10}_9 +G(m_i, μ, q^2)) and P^i_e = (^{αem}_{9π} )(N_cc_1 +c_2)(^{10}_9 +G(m_i, μ, q^2)), in which the function G(m, μ, q^2) takes the form

G(m, μ, q^2) = 4

∫_1 0 x(1 − x)ln m^2 − x(1 − x)q^2 μ^2 dx , (42)

where q is the momentum carried by the virtual gluon in the penguin diagram. In our calculations, we use a value of q^2 = m^2_b /2.

In Sec. 2.3, we presented a list of decays which can yield triple-product asymmetries in the SM. Below we provide estimates of the expected size of these TP’s for decays which have not been previously examined. Because we expect that A^{(2)}_T < A^{(1)}_T , the estimates are given for A^{(1)}_T only. We also give the expected branching ratios for both a given decay and its CP-conjugate decay. From these numbers one can easily obtain the direct CP asymmetry expected in the decay.

The amplitudes for the various decays depend on combinations of Wilson coefficients, a_i, where a_i = c_i + c_{i+1}/N_c for i odd and a_i = c_i + c_{i−1}/N_c for i even. The terms described by the various a_i’s can be associated with the different decay topologies introduced earlier. The terms proportional to a_2 and a_1 are, respectively, the colour-allowed and colour-suppressed tree amplitudes T and C. The term proportional to a_4 is the colour-allowed penguin amplitude, P , while the terms a_3 and a_5 represent the OZI-suppressed amplitudes. Finally, the dominant electroweak penguin P_{EW} is represented by term proportional to a_9, while a_7 and a_{10} are additional small electroweak-penguin amplitudes.

In addition, as mentioned earlier, certain amplitudes can potentially receive large nonfactorizable corrections. In the past it has been customary to take into account such nonfactorizable corrections by treating N_c as a free parameter. In our calculations we adopt the same prescription, and provide estimates of TP’s with two standard choices: N_c = 3 (pure factorization) and N_c = ∞ (large nonfactorizable effects included). Now, it is known that N_c → ∞ is inconsistent with data on B → P P and B → P V decays [20]. In fact, for charmless B decays the effective N_c may be different for operators with different chiral structure in the effective Hamiltonian [20]. In this paper we are dealing with V V final states, and the effective value of N_c which is applicable here will only be known when there are enough experimental data to carry out a detailed analysis. Our choice of N_c = ∞ can be considered as an extreme case of nonfactorizable effects. Although it will probably turn out to be inconsistent with data on nonleptonic B → V V decays, our purpose here is simply to be most conservative (perhaps excessively so) in our estimation of nonfactorizable effects. Realistically, we expect the true value of the TP to lie somewhere between its values for N_c = 3 and N_c = ∞. In most cases, this allows us to clearly establish that the TP in question is expected to be small in the SM, even in the presence of unrealistically large nonfactorizable effects. (A more complete discussion of nonfactorizable effects can be found in the next subsection.)

Note that since c_1 and c_2 have opposite signs, the colour-suppressed tree amplitude, described by a_1 = c_1 + c_2/N_c, is further suppressed because of an accidental cancellation between its Wilson coefficients. The effect of this suppression depends strongly on the value taken for N_c. For N_c = 3, one obtains a_1 = 0.176, while for N_c = ∞ we have a_1 = −0.185, so that even the sign of the colour-suppressed amplitude is different in the two cases. For the OZI-suppressed terms a_{3,5} the difference can also be quite dramatic: for N_c = 3 we have a_3 = 0.002 and a_5 = −0.0036, while for N_c = ∞ we have a_3 = 0.014 and a_5 = 0.01. In this latter case the OZI terms can be of the same order as the colour-allowed penguins. This fact will be important in understanding the numbers for the T-violating asymmetries given below. Whether or not the OZI terms are important in B decays is a matter of debate, and several tests to find evidence for their presence in B decays have been discussed recently [21].

3.4.1 B^−_c → J/ψD^{∗−} The amplitude for this process is given by A[B^−_c → J/ψD^{∗−}] = G_F √ 2 [XP_D∗ + Y P_{J/ψ}], (43) with X = V_{cb}V^∗_{cd}a_2 − ∑ q=u,c,t V_{qb}V^∗_{qd}(a^q_4 + a^q_{10}) , Y = V_{cb}V^∗_{cd}a_1 − ∑ q=u,c,t V_{qb}V^∗_{qd}(a^q_3 + a^q_5 + a^q_7 + a^q_9) , P_D∗ = m_D∗ g_D∗ ε^{∗μ}_D∗ ⟨J/ψ| c̄γ_μ(1 − γ_5)b | | |B^−_c ⟩ , P_{J/ψ} = m_{J/ψ}g_{J/ψ} ε^{∗μ}_{J/ψ} ⟨ D^{∗−} | | d̄γ_μ(1 − γ_5)b | |B^−_c ⟩ . (44)

Note that the main difference between the two amplitudes X and Y is simply the fact that some Wilson coefficients are multiplied by 1/N_c in one amplitude, while they are multiplied by 1 in the other. This is the case for most of the decays we consider.

We can now calculate a, b and c from Eq. (20) with the identification V_1 = D^∗ and V_2 = J/ψ. For numerical results we will use the following inputs: the CKM parameters are ρ = 0.17 and η = 0.39; the decay constants are g_{J/ψ} = 0.405 GeV [22] and g_D∗ = 0.237 GeV [23]; the form factors for B^−_c → J/ψ transitions are given by A^{(J/ψ)}_1 (m^2_D∗ ) = 0.73, A^{(J/ψ)}_2 (m^2_D∗ ) = 0.75 and V^{(J/ψ)}(m^2_D∗ ) = 1.1, while for B^−_c → D^{∗−} they are A^{(D∗)}_1 (m^2_{J/ψ}) = 0.70, A^{(D∗)}_2 (m^2_{J/ψ}) = 1.2 and V^{(D∗)}(m^2_{J/ψ}) = 2.1 [24].

Process BR A^{(1)}_T (%) N_c B^−_c → J/ψD^{∗−} 3.48 (3.45) × 10^{−3} 0.011 (−0.03) 3 B^−_c → J/ψD^{∗−} 3.02 (3.0) × 10^{−3} 0.11 (−0.06) ∞

Table 1: Branching ratios (BR) and triple-product asymmetries (A^{(1)}_T ) for B^−_c → J/ψD^{∗−}, for N_c = 3 (pure factorization) and N_c = ∞ (large nonfactorizable effects). The results for the CP-conjugate process are given in parentheses.

We present our results in Table 1, including the branching ratio and the T-odd triple product A^{(1)}_T for both process and CP-conjugate process. Regardless of the value taken for N_c, the T-violating asymmetries are expected to be tiny. This is understandable because, while T-violation comes from C–P or T –P_{EW} (P_{OZI} ) interference, there is a large colour-allowed tree contribution to the amplitude. Thus, the denominator of A^{(1)}_T [Eq. (34)] is always much larger than the numerator, resulting in a small TP asymmetry. As expected, the T-violation is larger for N_c = ∞ because of enhanced OZI terms, but the asymmetries are still too small to be measurable.

3.4.2 B^− → ρ^{0′}K^{∗−}, ρ^0K^{∗−′}, ω^′K^{∗−}, ωK^{∗−′}

The amplitude for B decays to radially-excited vector mesons has a similar form to that for B decays to ground-state vector mesons. We therefore start with the decay amplitude for ground-state mesons. For V = ρ^0 or ω, this amplitude can be written as A[B^− → K^{∗−}V ] = G_F √ 2 [X_V P^V_K∗ + Y_V P^{K∗}_V ], (45)

with

X_ρ = X_ω = V_{ub}V^∗_{us}a_2 − ∑ q=u,c,t V_{qb}V^∗_{qs} (a^q_4 + a^q_{10}) ,

Y_ρ = V_{ub}V^∗_{us}a_1 − ∑ q=u,c,t V_{qb}V^∗_{qs} (3 2 a^q_7 + 3 2 a^q_9 ) , Y_ω = V_{ub}V^∗_{us}a_1 − ∑ q=u,c,t V_{qb}V^∗_{qs} ( 2a^q_3 + 2a^q_5 + 1 2 a^q_7 + 1 2 a^q_9 ) , P^ρ_K∗ = m_K∗ g_K∗ ε^{∗μ}_K∗ ⟨ ρ^0 | | | ūγ_μ(1 − γ_5)b | | |B^− ⟩ , P^{K∗}_ρ0 = m_ρ0 g_ρ0 ε^{∗μ}_{ρ0} ⟨ K^{∗−} | | | s̄γ_μ(1 − γ_5)b | | |B^− ⟩ , P^ω_K∗ = m_K∗ g_K∗ ε^{∗μ}_K∗ ⟨ω| ūγ_μ(1 − γ_5)b | |B^− ⟩ , P^{K∗}_ω = m_ωg_ωε^{∗μ}_ω ⟨ K^{∗−} | | | s̄γ_μ(1 − γ_5)b | | |B^− ⟩ . (46)

The decays which interest us involve ρ(1450), ω(1420) and/or K^∗(1410) in the final state. Quark-model predictions classify these states as radially-excited states of the ρ, ω and the K^∗. Henceforth we will label these states as ρ^{0′}, ω^′ and K^{∗′}. The amplitude for a decay involving an excited final state can be obtained simply from Eqs. (45) and (46) by replacing ρ^0, ω and/or K^∗ by ρ^{0′}, ω^′ and/or K^{∗′}.

To calculate the TP asymmetries for these decays, we need the form factors for transitions of a B-meson to such radially-excited states. These are obtained by assuming a linear confining potential for the light mesons, and the wavefunction Ne^{−p2 /p2F} with the fermi momentum p_F = 0.3 (0.5) GeV for B^0_d (B^0_s ) mesons [19]. The results for the form factors are

A^{ρ′}_1 (q^2 = m^2_ρ) A^ρ_1(q^2 = m^2_ρ′ )

= 1.38 ,

A^{ρ′}_2 (q^2 = m^2_ρ) A^ρ_2(q^2 = m^2_ρ′ )

= 1.2 ,

V^{ρ′} (q^2 = m^2_ρ) V^ρ(q^2 = m^2_ρ′ )

= 1.66 . (47)

We assume the same values for the ratios of form factors for B → ω^′ and B → K^{∗′} transitions. This is reasonable since any SU(3) breaking effects should cancel in the ratios of form factors. Note that Eq. (47) is given in terms of the form factors for ground-state mesons. Identifying V_1 = K^∗ and V_2 = ρ^0 or ω, for B^− → ρ^0 these are A^{(ρ)}_1 (m^2_K∗ ) = 0.26, A^{(ρ)}_2 (m^2_K∗ ) = 0.24 and V^{(ρ)}_1 (m^2_K∗ ) = 0.31, while for B^− → K^{∗−} transitions the form factors are given by A^{(K∗)}_1 (m^2_ρ) = 0.36, A^{(K∗)}_2 (m^2_ρ) = 0.32 and V^{(K∗)}(m^2_ρ) = 0.44 [25]. We assume that the form factors for B → ω are the same as for B → ρ^0.

An estimate of the triple products for these decays also involves the decay constants of the radially-excited vector mesons. These are found to be similar to the decay constants for the ground state mesons. We take f_ρ = f_ρ′ = f_ω = f_ω′ = 0.190 GeV and f_K∗ = f_K∗′ = 0.214 GeV.

There are two advantages to using a final state with one radially-excited vector meson: the m_V /m_B suppression is reduced, and there is no flavour symmetry relating the final-state vector mesons which would result in a further suppression. One could also consider final states containing two radially-excited states. In this case, however, the suppression due to flavour symmetry would apply again and for this reason we do not examine these decays here. One could also consider final states with radiallyexcited and orbitally-excited vector mesons. This would require the calculation of form factors for transitions of B mesons to orbitally-excited states. This interesting possibility is beyond the scope of this work and will be investigated elsewhere. As we will see, for final states with a single radially-excited state measurable TP asymmetries may be possible, and this should encourage a more thorough study of TP’s in B decays to radially and orbitally-excited vector mesons.

Based on Eq. (46) we can make the following observations. For the decays B^− → ρ^{0′}K^{∗−} and B^− → ρ^0K^{∗−′}, the interfering amplitudes are of unequal size, which further suppresses the TP asymmetry. For B^− → ω^′K^{∗−} and B^− → ωK^{∗−′}, there is a possibility of an enhanced OZI contribution for N_c = ∞. This could interfere with the colour-allowed tree which is suppressed by CKM factors.

The results of Table 2 are consistent with these observations. All TP’s are expected to be very small with two exceptions: for N_c = ∞ a measurable TP asymmetry is predicted for B^− → ω^′K^{∗−} (8%) and possibly B^− → ωK^{∗−′} (4%). These TP asymmetries are generated mainly from T –P_{OZI} interference (the C–P interference is small). Thus, it is possible that nonfactorizable effects can generate large TP asymmetries for these decays to radially-excited states. We should stress, however, that this is far from guaranteed – the N_c = ∞ prescription is just an estimate. The true nonfactorizable effects could be much smaller than this. Conversely, for other decays, it appears unlikely that such effects can lead to measurable TP’s – these decays are therefore excellent places to search for new physics.

Process BR A^{(1)}_T % N_c B^− → ρ^{0′}K^{∗−} 11.8 (7.9) × 10^{−6} 0.53 (−0.13) 3 B^− → ρ^{0′}K^{∗−} 13.1 (10.0) × 10^{−6} 1.2 (0.45) ∞ B^− → ρ^0K^{∗−′} 10 (7.0) × 10^{−6} −0.87 (0.21) 3 B^− → ρ^0K^{∗−′} 11.1 (9.1) × 10^{−6} −1.9 (−0.68) ∞ B^− → ω^′K^{∗−} 10 (6) × 10^{−6} 0.16 (−0.29) 3 B^− → ω^′K^{∗−} 2.3 (3.6) × 10^{−6} −10.6 (−5.2) ∞ B^− → ωK^{∗−′} 7.7 (4.7) × 10^{−6} −0.29 (0.51) 3 B^− → ωK^{∗−′} 6.5 (8.8) × 10^{−6} 5.4 (3.0) ∞

Table 2: Branching ratios (BR) and triple-product asymmetries (A^{(1)}_T ) for B^− → ρ^{0′}K^{∗−}, ρ^0K^{∗−′}, ω^′K^{∗−} and ωK^{∗−′}, for N_c = 3 (pure factorization) and N_c = ∞ (large nonfactorizable effects). The results for the CP-conjugate process are given in parentheses.

3.4.3 B^0_d → K^{∗0}ρ^{0′}, K^{∗0′}ρ^0, K^{∗0}ω^′, K^{∗0′}ω

As before, we first present the amplitude for the ground-state mesons. For the decays B^0_d → K^{∗0}V with V = ρ^0 or ω, the amplitude is given by

A[B^0_d → K^{∗0}V ] = G_F √ 2 [X_V P^V_K∗ + Y_V P^{K∗}_V ] , (48)

with

X_ρ = −X_ω = ∑ q=u,c,t V_{qb}V^∗_{qs} (a^q_4 + a^q_{10}) ,

Y_ρ = V_{ub}V^∗_{us} a_1 − ∑ q=u,c,t V_{qb}V^∗_{qs} ( 3 2 a^q_7 + 3 2 a^q_9 ) , Y_ω = V_{ub}V^∗_{us} a_1 − ∑ q=u,c,t V_{qb}V^∗_{qs} ( 2a^q_3 + 2a^q_5 + 1 2 a^q_7 + 1 2 a^q_9 ) , P^ρ_K∗ = m_K∗ g_K∗ ε^{∗μ}_K∗ ⟨ ρ^0 | | d̄γ_μ(1 − γ_5)b | |B^0_d ⟩ , P^{K∗}_ρ0 = m_ρ0 g_ρ0 ε^{∗μ}_ρ0 ⟨ K^{∗0} | | | s̄γ_μ(1 − γ_5)b | | |B^0_d ⟩ , P^ω_K∗ = m_K∗ g_K∗ ε^{∗μ}_K∗ ⟨ω| d̄γ_μ(1 − γ_5)b | | |B^0_d ⟩ , P^{K∗}_ω = m_ωg_ω ε^{∗μ}_ω ⟨ K^{∗0} | | s̄γ_μ(1 − γ_5)b | |B^0_d ⟩ . (49)

Again, to obtain the amplitude for a decay involving an excited final state, one simply replaces ρ^0, ω and/or K^∗ by ρ^{0′}, ω^′ and/or K^{∗′} in the above equation.

Above, we have used the flavour wavefunction ρ^0 = (ūu − d̄d)/ √ 2 and ω = (ūu + d̄d)/ √ 2, and similarly for the excited states. The effect of the relative sign in the flavour wavefunctions of the ρ^0 and ω has been included in the definition of the phases X_{ρ,ω} and Y_{ρ,ω} , and so does not have to be included in the B → ρ^0(ω) form factors. We shall follow this convention in subsequent decays involving ρ^0 and ω.

The triple-product correlations for these decays are presented in Table 3. The TP’s are from C–P interference, which is small, so that we do not find large TP’s in this case. It is only in the decay B^0_d → K^{∗0}ω^′ that a marginally measurable TP (∼ 3–4%) might be found. However this again relies on large nonfactorizable effects, which may or may not be present.

Process BR A^{(1)}_T % N_c B^0_d → K^{∗0}ρ^{0′} 11.3 (10.9) × 10^{−6} 0.05 (−0.61) 3 B^0_d → K^{∗0}ρ^{0′} 13.5 (14.6) × 10^{−6} 0.64 (−0.14) ∞ B^0_d → K^{∗0′}ρ^0 9.7 (9.3) × 10^{−6} −0.08 (1.0) 3 B^0_d → K^{∗0′}ρ^0 12.0 (12.9) × 10^{−6} −1.0 (0.23) ∞ B^0_d → K^{∗0}ω^′ 9.1 (8.6) × 10^{−6} −0.14 (−0.52) 3 B^0_d → K^{∗0}ω^′ 1.0 (0.7) × 10^{−6} 3.8 (3.13) ∞ B^0_d → K^{∗0′}ω 7.0 (10) × 10^{−6} 0.26 (0.65) 3 B^0_d → K^{∗0′}ω 5.5 (4.9) × 10^{−6} −1.0 (−0.73) ∞

Table 3: Branching ratios (BR) and triple-product asymmetries (A^{(1)}_T ) for B^0_d → K^{∗0}ρ^{0′}, K^{∗0′}ρ^0, K^{∗0}ω^′ and K^{∗0′}ω, for N_c = 3 (pure factorization) and N_c = ∞ (large nonfactorizable effects). The results for the CP-conjugate process are given in parentheses.

3.4.4 B^− → ρ^−ρ^{0′}, ρ^{−′}ρ^0, ρ^−ω^′, ρ^{−′}ω The amplitude for the ground-state decay B^− → ρ^−V with V = ρ^0 or ω is given by

A[B^− → ρ^−V ] = G_F √ 2 [X_V P^V_ρ− + Y_V P^{ρ−}_V ] , (50)

with

X_ρ = X_ω = V_{ub}V^∗_{ud}a_2 − ∑ q=u,c,t V_{qb}V^∗_{qd} (a^q_4 + a^q_{10}) ,

Y_ρ = V_{ub}V^∗_{ud}a_1 − ∑ q=u,c,t V_{qb}V^∗_{qd} ( −a^q_4 + 3 2 a^q_7 + 3 2 a^q_9 + 1 2 a^q_{10} ) , Y_ω = V_{ub}V^∗_{ud}a_1 − ∑ q=u,c,t V_{qb}V^∗_{qd} ( a^q_4 + 2a^q_3 + 2a^q_5 + 1 2 a^q_7 + 1 2 a^q_9 − 1 2 a^q_{10} ) , P^{ρ0}_ρ− = m_ρ− g_ρ− ε^{∗μ}_ρ− ⟨ ρ^0 | | | ūγ_μ(1 − γ_5)b | | |B^− ⟩ ,

P^{ρ−}_{ρ0} = 1 √ 2 m_ρ0 g_ρ0 ε^{∗μ}_{ρ0} ⟨ ρ^− | | | d̄γ_μ(1 − γ_5)b | | |B^− ⟩ , P^ω_ρ− = m_ρ− g_ρ− ε^{∗μ}_ρ− ⟨ω| ūγ_μ(1 − γ_5)b | | |B^− ⟩ , P^{ρ−}_ω = 1 √ 2 m_ωg_ω ε^{∗μ}_ω ⟨ ρ^− | | | d̄γ_μ(1 − γ_5)b | | |B^− ⟩ . (51)

The amplitude for a decay involving an excited final state is obtained by replacing ρ^0 and/or ω by ρ^{0′} and/or ω^′.

In this case, the TP’s arise mostly from T –P interference, neither of which is CKM-suppressed. However, the penguin amplitude P is only about 4% of the tree amplitude T , so that the maximum TP asymmetry turns out to be small, ∼ 1 %. The results of our calculations are presented in Table 4. Note that, if one assumes isospin conservation, flavour suppression leads to an identically vanishing TP for the ground-state decay B^− → ρ^−ρ^0.

Process BR A^{(1)}_T % N_c B^− → ρ^−ρ^{0′} 29.3 (29.7) × 10^{−6} 0.51 (0.33) 3 B^− → ρ^−ρ^{0′} 18.3 (18.7) × 10^{−6} 0.66 (0.41) ∞ B^− → ρ^{−′}ρ^0 23.8 (23.5) × 10^{−6} −0.63 (−0.42) 3 B^− → ρ^{−′}ρ^0 12 (11.7) × 10^{−6} −1.0 (−0.65) ∞ B^− → ρ^−ω^′ 27.4 (32.7) × 10^{−6} −0.58 (−0.38) 3 B^− → ρ^−ω^′ 17.9 (19.8) × 10^{−6} 0.1 (0.04) ∞ B^− → ρ^{−′}ω 15.8 (20.0) × 10^{−6} −1.16 (−0.72) 3 B^− → ρ^{−′}ω 4.0 (4.2) × 10^{−6} 0.49 (0.22) ∞

Table 4: Branching ratios (BR) and triple-product asymmetries (A^{(1)}_T ) for B^− → ρ^−ρ^{0′}, ρ^{−′}ρ^0, ρ^−ω^′ and ρ^{−′}ω, for N_c = 3 (pure factorization) and N_c = ∞ (large nonfactorizable effects). The results for the CP-conjugate process are given in parentheses.

3.4.5 B^0_d → ρ^0ω^′, ρ^{0′}ω

The amplitude for the ground-state decay B^0_d → ρ^0ω is given by

A[B^0_d → ρ^0ω] = G_F √ 2 [XP_ρ0 + Y P_ω ] , (52)

with

X = V_{ub}V^∗_{ud}a_1 + ∑ q=u,c,t V_{qb}V^∗_{qd} ( a^q_4 + 3 2 a^q_7 + 3 2 a^q_9 ) ,

Y = −V_{ub}V^∗_{ud}a_1 + ∑ q=u,c,t V_{qb}V^∗_{qd} ( a^q_4 + 2a^q_3 + 2a^q_5 + 1 2 a^q_7 + 1 2 a^q_9 + 1 2 a^q_{10} ) , P_ρ0 = 1 √ 2 m_ρ0 g_ρ0 ε^{∗μ}_{ρ0} ⟨ω| d̄γ_μ(1 − γ_5)b | | |B^0_d ⟩ , P_ω = 1 √ 2 m_ωg_ωε^{∗μ}_ω ⟨ ρ^0 | | | d̄γ_μ(1 − γ_5)b | | |B^0_d ⟩ . (53)

The TP’s in this case are due principally to C–P interference. Neither of these amplitudes is CKM-suppressed, and they are of similar size. As a consequence, while the TP’s for the ground-state decay are small, due to flavour and mass suppressions, we find measurable asymmetries for decays with radially-excited vector mesons in the final state (see Table 5). Unfortunately, the branching ratios for all these decays are expected to be in the 10^{−7} range. Furthermore, the TP asymmetry changes sign as N_c is varied from 3 to ∞. Thus, there is again no guarantee of a large TP – it is possible that nonfactorizable effects are such that the actual TP is small.

Process BR A^{(1)}_T % N_c B^0_d → ρ^0ω^′ 4.5 (1.8) × 10^{−7} 6.2 (10.2) 3 B^0_d → ρ^0ω^′ 0.5 (0.52) × 10^{−7} −17.2 (−11.1) ∞ B^0_d → ρ^{0′}ω 6 (3.3) × 10^{−7} 6.0 (6.3) 3 B^0_d → ρ^{0′}ω 2.45 (2.08) × 10^{−7} −4.0 (−3.2) ∞

Table 5: Branching ratios (BR) and triple-product asymmetries (A^{(1)}_T ) for B^0_d → ρ^0ω^′ and ρ^{0′}ω, for N_c = 3 (pure factorization) and N_c = ∞ (large nonfactorizable effects). The results for the CP-conjugate process are given in parentheses.

3.4.6 B^0_s → ϕ^′K^∗, ϕK^{∗′}

We are also interested in the pure b → d penguin decay B^0_s → ϕ^{(′)}K^{∗(′)}, where ϕ^′ corresponds to the radially-excited state ϕ(1680). For the form factors for these decays, we obtain

A^{ϕ′}_1 (q^2 = m^2_K∗ ) A^ϕ_1 (q^2 = m^2_K∗ )

= 1.5 ,

A^{ϕ′}_2 (q^2 = m^2_K∗ ) A^ϕ_2 (q^2 = m^2_K∗ )

= 1.35 ,

V^{ϕ′} (q^2 = m^2_K∗ ) V^ϕ(q^2 = m^2_K∗ )

= 1.8 .

(54)

The form factors for the ground-state transitions can be found in Ref. [25]. For the decay constants we use f_ϕ′ = f_ϕ = 0.237 GeV.

The amplitude for the ground-state decay B^0_s → ϕK^{∗0} is given by

A[B^0_s → ϕK^{0∗}] = G_F √ 2 [XP_K∗ + Y P_ϕ] , (55)

with X = − ∑ q=u,c,t V_{qb}V^∗_{qd} ( a^q_4 − 1 2 a^q_{10} ) , Y = − ∑ q=u,c,t V_{qb}V^∗_{qd} ( a^q_3 + a^q_5 − 1 2 a^q_7 − 1 2 a^q_9 ) , P_K∗ = m_K∗ g_K∗ ε^{∗μ}_K∗ ⟨ϕ| s̄γ_μ(1 − γ_5)b | | |B^0_s ⟩ , P_ϕ = m_ϕg_ϕε^{∗μ}_ϕ ⟨ K^{0∗} | | d̄γ_μ(1 − γ_5)b | |B^0_s ⟩ . (56)

In this case, the TP’s arise mainly from P –P_{EW} (P_{OZI} interference. We find a marginally measurable TP asymmetry only for B^0_s → ϕK^{∗′} with N_c = ∞, i.e. with enhanced OZI terms, and the branching ratio for this decay is tiny, O(10^{−8}). Our results are presented in Table 6.

Process BR A^{(1)}_T % N_c B^0_s → ϕ^′K^∗ 11 (5.5) × 10^{−7} −0.17 (0.21) 3 B^0_s → ϕ^′K^∗ 2.8 (1.3) × 10^{−7} −1.14 (1.51) ∞ B^0_s → ϕK^{∗′} 6.3 (3.1) × 10^{−7} 0.23 (−0.31) 3 B^0_s → ϕK^{∗′} 0.15 (0.06) × 10^{−7} 16.8 (−22.9) ∞

Table 6: Branching ratios (BR) and triple-product asymmetries (A^{(1)}_T ) for B^0_s → ϕ^′K^∗ and ϕK^{∗′}, for N_c = 3 (pure factorization) and N_c = ∞ (large nonfactorizable effects). The results for the CP-conjugate process are given in parentheses.

3.4.7 B^− → D^{∗0}K^{∗−}, D̄^{∗0}K^{∗−}; B^− → D^{∗0}ρ^−, D̄^{∗0}ρ^−

We now examine B^− decays in which the final-state D^{∗0} or D̄^{∗0} mesons subsequently decay to the same state. We assume that D^{0∗} → D^0π^0 and D̄^{0∗} → D̄^0π^0, with D^0, D̄^0 → f, where f = K^+π^− or f = π^+π^−.

Consider first B^− → D^{∗0}K^{∗−} and B^− → D̄^{∗0}K^{∗−}. The decay amplitude is given by A[B^− → K^{∗−}f] = G_F √ 2 [XP_K∗ + Y P_D∗ ] , (57) with X = V_{cb}V^∗_{us}a_2 √ B_1 √ B_2 , Y = V_{cb}V^∗_{us}a_1 √ B_1 √ B_2 + V_{ub}V^∗_{cs} a_1 √ B_1 √ B^′_2 , P_K∗ = m_K∗ g_K∗ ε^{∗μ}_K∗ ⟨ D̄^{0∗} | | | c̄γ_μ(1 − γ_5)b | | |B^− ⟩ , P_D∗ = m_D∗ g_D∗ ε^{∗μ}_D∗ ⟨ K^{∗−} | | s̄γ_μ(1 − γ_5)b | |B^− ⟩ , (58)

where B_1 is the branching ratio for D^{0∗} → D^0π^0 and B_2(B^′_2) are the branching ratios for D^0(D̄^0) → f. The values for the form factors for B → D^∗ transitions are A_1(m^2_K∗ ) = V (m^2_K∗ ) = 0.783 and A_2(m^2_K∗ ) = 0.772 [26]. (Due to heavy quark symmetry, the form factors have very similar values.) Now, the relative strong phase between the amplitudes D^0 → f and D̄^0 → f is unknown. In our estimates, we choose this phase to be zero. This assumption is not unreasonable since these transitions go through colour-allowed tree decays, so that any strong phases generated by nonfactorizable effects are likely to be small.

Process BR A^{(1)}_T % N_c B^− → K^{∗−}(f = K^+π^−) 3.5 (3.5) × 10^{−7} 4.1 (4.1) 3 B^− → K^{∗−}(f = K^+π^−) 1.4 (1.4) × 10^{−7} −11.0 (−11.0) ∞ B^− → K^{∗−}(f = π^+π^−) 10.2 (10.2) × 10^{−7} 0.52 (0.52) 3 B^− → K^{∗−}(f = π^+π^−) 5.8 (5.8) × 10^{−7} −1.03 (−1.03) ∞ B^− → ρ^−(f = K^+π^−) 18.0 (18.0) × 10^{−7} −0.56 (−0.56) 3 B^− → ρ^−(f = K^+π^−) 14.0 (14.0) × 10^{−7} 0.81 (0.81) ∞ B^− → ρ^−(f = π^+π^−) 18.2 (18.2) × 10^{−6} −0.03 (−0.03) 3 B^− → ρ^−(f = π^+π^−) 13.1 (13.1) × 10^{−6} 0.04 (0.04) ∞

Table 7: Branching ratios (BR) and triple-product asymmetries (A^{(1)}_T ) for B^− → D^{∗0}K^{∗−} and B^− → D̄^{∗0}K^{∗−}, as well as B^− → D^{∗0}ρ^− and B^− → D̄^{∗0}ρ^−, for N_c = 3 (pure factorization) and N_c = ∞ (large nonfactorizable effects). It is assumed that D^0, D̄^0 → f, with f = K^+π^− or f = π^+π^−. The results for the CP-conjugate process are given in parentheses.

We present our results in Table 7. We find that the T-violating asymmetries may be measurable for the decays with f = K^+π^−, but are small for f = π^+π^−. These results can be understood as follows. The decay B^− → D^{∗0}K^{∗−} is dominated by a colour-allowed tree diagram (T ) and involves the CKM matrix elements V_{cb}V^∗_{cd}, while B^− → D̄^{∗0}K^{∗−} is colour-suppressed (C) and involves V_{ub}V^∗_{cs}. Thus, these two amplitudes are of very different size – the latter is roughly 5% of the former. However, in order to obtain a sizeable TP, it is necessary to have two decay amplitudes of similar magnitudes. This can occur if the decays D^0 → f and D̄^0 → f are, respectively, doubly-Cabibbo-suppressed and Cabibbo-allowed, which is the case for f = K^+π^−. (This is similar to the method for obtaining γ proposed in Ref. [14].) Unfortunately, the net branching ratio is small O(10^{−7} ). On the other hand, for f = π^+π^−, both the D^0 and D̄^0 decays are singly-Cabibbo-suppressed, so the TP is small.

We now turn to the decays B^− → D^{∗0}ρ^− and B^− → D̄^{∗0}ρ^−. The amplitude in this case given by A[B^− → ρ^−f] = G_F √ 2 [XP_ρ− + Y P_D∗ ] , (59)

with X = V_{cb}V^∗_{ud}a_2 √ B_1 √ B_2 , Y = V_{cb}V^∗_{ud}a_1 √ B_1 √ B_2 + V_{ub}V^∗_{cd}a_1 √ B_1 √ B^′_2 , P_ρ− = m_ρ− g_ρ− ε^{∗μ}_{ρ−} ⟨ D̄^{0∗} | | | c̄γ_μ(1 − γ_5)b | | |B^− ⟩ , P_D∗ = m_D∗ g_D∗ ε^{∗μ}_D∗ ⟨ ρ^− | | | d̄γ_μ(1 − γ_5)b | | |B^− ⟩ . (60)

In this case, the second decay (B^− → D̄^{∗0}ρ^−) is also suppressed relative to the first (B^− → D^{∗0}ρ^−). However, here the suppression is much larger than in B^− → D^{∗0}K^{∗−}, D̄^{∗0}K^{∗−} decays – in addition to the ratio C/T , there is also a suppression due to the ratio of CKM matrix elements, |V_{ub}V^∗_{cd}/V_{cb}V^∗_{ud}|. Thus, regardless of the final state f in D^0, D̄^0 → f, the two amplitudes remain very different in size, leading to small TP’s. This expectation is borne out in Table 7.

3.4.8 B^−_c → D̄^{∗0}D^{∗−}_s , D^{∗0}D^{∗−}_s ; B^−_c → D̄^{∗0}D^{∗−}, D^{∗0}D^{∗−}

Finally, we consider pairs of B^−_c decays to final states including D^{∗0} or D̄^{∗0} mesons. Unfortunately, there are no calculations yet of the form factors for B^−_c → D̄^{∗0}, D^{∗−}_s and D^{∗−} transitions. As a result, we can only present “back-of-the-envelope” estimates of the triple products for these decays. (Still, based on our analyses of the previous decays, these estimates are probably reasonably accurate.)

Consider first B^−_c → D̄^{∗0}D^{∗−}_s , D^{∗0}D^{∗−}_s . The decay B^−_c → D̄^{∗0}D^{∗−}_s is dominated by T and involves V_{ub}V^∗_{cs}, while B^−_c → D^{∗0}D^{∗−}_s is governed by C and V_{cb}V^∗_{us}. The two amplitudes are therefore comparable in size, which naively suggests that one can obtain a measurable TP by using decays such as D^0, D̄^0 → π^+π^−, which are both singly-Cabibbo-suppressed. However, note that, within factorization, the two B^−_c decay amplitudes are proportional to f_B−_{c →}¯_D∗0 f_D∗−_s and f_B−_{c →D}−_s f_D∗0 , which are related by flavour SU(3) symmetry. We therefore expect the TP asymmetries to be small for these decays. However, the TP’s could be measurable if one uses final states involving excited mesons.

The situation is similar for B^−_c → D̄^{∗0}D^{∗−}, D^{∗0}D^{∗−}. In this case, the amplitude for the second B^−_c decay is actually larger than the first (by about a factor of 10).

Thus, in order to obtain roughly equal overall amplitudes, one has to use doubly- Cabibbo-suppressed decays such as D^0, D̄^0 → K^+π^−. However, even in this case one expects tiny TP asymmetries: the two B^−_c decay amplitudes are proportional to f_B−_{c →D̄}∗0 f_D∗− and f_B−_{c →D}∗− f_D∗0 , which are related by isospin. The only way to obtain measurable TP’s is if the final states involve excited mesons.

3.5 Nonfactorizable effects

In our analysis, we have used factorization to calculate the expected size of tripleproduct asymmetries in certain B → V_1V_2 decays. We have included potential nonfactorizable contributions by considering also the case N_c = ∞ in the a_i (which are combinations of the Wilson coefficients and N_c). In this subsection, we examine in more detail nonfactorizable effects. In particular, we are interested in establishing which decays are likely to be most (and least) affected by such effects. We also explore the properties of those nonfactorizable effects which can modify the TP predictions. The determination of which TP predictions are the most reliable in turn indicates which decay modes are best to use in the search for new physics.

The most interesting decays are those for which the TP asymmetries are predicted to be very small (or zero) in the framework of factorization within the SM. If it can be established that nonfactorizable effects do not significantly affect these predictions, the measurement of a sizeable nonzero TP asymmetry would clearly signal the presence of new physics. In such decays, within factorization, we can expresses the various linear polarization amplitudes in the following form:

A_i = R_i[P_1 + P_2e^{iϕ}e^{iΔ}] = R_iX , (61)

where i = 0, ‖ and ⊥. The weak and strong phases are denoted by ϕ and Δ, respectively, while the R_i are real numbers that depend on form factors and decay constants. The quantities P_{1,2} depend on combinations of the Wilson coefficients and the magnitude of the CKM elements, and are therefore real. With the above parametrization, it is clear that there are no TP asymmetries, since all amplitudes have the same phase, i.e. Im[A_0A^∗_⊥] = Im[A_‖A^∗_⊥] ∼ Im[XX^∗] = 0.

TP asymmetries can potentially be generated in such decays if nonfactorizable effects are present. One possibility is that there are additional contributions, such as annihilation diagrams, which contribute to the decay. In this case, the new amplitude can interfere with the amplitude in Eq. (61) to generate a TP asymmetry. The full decay amplitude then has the general form

A_i = R_iX + R^′_iY , (62)

where X and Y depend differently on the weak and the strong phases. In practice, however, such annihilation contributions are suppressed in the heavy-quark limit. The annihilation terms can be estimated in the framework of QCD factorization [7].

For V V final states, the annihilation terms are not chirally enhanced, unlike P P and P V states [9]. Thus, these contributions are purely power suppressed (∼ O(1/m_b)) in the heavy-quark expansion, and are small.

Another class of nonfactorizable effects are those which modify the individual P_{1,2} amplitudes in Eq. (61). The general form of the amplitudes is then

A_i = R_i[P_1(1 + a_ie^{iαi} ) + P_2(1 + b_ie^{iβi} )e^{iϕ}e^{iΔ}] , (63)

where α_i and β_i are strong phases generated by the nonfactorizable effects. Note that if the quantities a_i, b_i, α_i and β_i are the same for all three linear polarization amplitudes, then the TP asymmetries will still vanish, even in the presence of nonfactorizable effects. Thus, it is only nonfactorizable contributions that affect the amplitudes A_0, A_‖ and A_⊥ differently which can generate a TP asymmetry.

One can see explicitly how a TP is generated by nonfactorizable effects by rewriting the A_i in Eq. (63):

A_i = R_iX_i + R_iY_i , (64)

with

X_i = (P_1 + P_2e^{iϕ}e^{iΔ})(1 + a_ie^{iαi} )

= X(1 + a_ie^{iαi} ) , Y_i = P_2(b_ie^{iβi} − a_ie^{iαi} )e^{iϕ}e^{iΔ} . (65)

The interference of X_i with Y_i (specifically, P_1–Y_i interference) leads to a TP. (Note that the interference of two different X_i’s does not lead to a true T-violating effect since X, the term containing the weak-phase information, is the same for all three amplitudes.) Thus, not only must the nonfactorizable effects be different for the three A_i, but the nonfactorizable corrections to P_1 and P_2 should also be different. If this were not the case, then the Y_i would vanish.

We have therefore seen that TP’s can be generated by the interference of factorizable and nonfactorizable contributions. This then begs two questions: (i) which amplitudes are most likely to be affected by nonfactorizable effects, and (ii) how big are such effects? The first question is easy to answer: contributions which are suppressed in the factorization framework, such as the colour-suppressed tree amplitude C, are likely to receive large nonfactorizable contributions. This was already seen in the previous subsection in which we parametrized nonfactorizable effects by varying N_c. The value and the sign of a_1 = c_1 + c_2/N_c, which describes C, depend strongly on the value chosen for N_c. Thus, TP asymmetries that arise from the interference of colour-allowed and colour-suppressed transitions, as happens for several of the decay modes, can be significantly modified by nonfactorizable effects.

The second question is more difficult to answer. Various methods to calculate nonfactorizable effects have been considered recently in the literature, but there is no compelling evidence for the validity of any one approach. For example, in QCD factorization [7], nonfactorizable effects can be different for the different helicity states (linear polarization states) [9]. However, some of these corrections, such as the hard spectator corrections, are dominated by soft configurations and turn out to be divergent. Hence nothing quantitative can be said about the size of TP asymmetries generated by these nonfactorizable corrections. Still, it should be noted that qualitatively these corrections are quite significant for colour-suppressed amplitudes while the fractional change in colour-allowed amplitudes is proportional to α_s(m_b) ∼ 0.2 and is small. It is very likely that the measurement of triple-product asymmetries in B → V_1V_2 decays will provide useful information about the dynamics of nonleptonic decays.

The conclusion here is that the most reliable predictions for TP’s are for those decays where both P_1 and P_2 are colour allowed. There are many examples of these. For example, the decays B^0_d → D^{∗+}D^{∗−}, B^− → D^{∗0}D^{∗−}, B^0_s → D^{∗+}_s D^{∗−}, B^0_d → ρ^+ρ^−, B^0_s → K^{∗+}ρ^−, B^−_c → D̄^{∗0}ρ^− have both colour-allowed tree and colourallowed b → d penguin contributions; B^0_d → K^{∗−}ρ^+, B^0_s → K^{∗+}K^{∗−}, B^−_c → D̄^{∗0}K^{∗−} have both colour-allowed tree and colour-allowed b → s penguin contributions; B^0_d → K^{∗0}K̄^{∗0}, B^− → K^{∗0}K^{∗−}, B^−_c → K^{∗0}D^{∗−} are pure colour-allowed b → d penguin decays. Within factorization, the TP asymmetries in all of these decays are expected to vanish, even though there are two decay amplitudes (P_{1,2}) with a relative weak phase. Since the nonfactorizable effects in these decays are expected to be small, any measurement of large T-violating triple products in these decays will be a clear signal of new physics. (Of course, one can add to this list processes which are dominated by a single amplitude, such as B → J/ψK^∗ (b → cc̄s) or B → ϕK^∗ (pure b → s penguin), since no TP asymmetries are expected in these decays.)

3.6 Discrete Ambiguities

Although most of the triple-product asymmetries are predicted to be small in the decays we have studied, a handful of TP’s may be measurable. What can we learn from them? The answer is that, apart from testing our knowledge of hadronic B decays, these TP’s can potentially be used to remove an important discrete ambiguity in the measurements of the CP angles of the unitarity triangle.

Within the SM, CP violation is signalled by nonzero values of α, β and γ, the three internal angles of the so-called unitarity triangle (UT) [22]. By measuring CP-violating rate asymmetries in the B system, one can obtain the three CP angles α, β and γ. Any inconsistency among the angles and sides of the UT indicates the presence of new physics. The standard decays used for obtaining these CP angles are B^0_d (t) → J/ψK_S (β), B^0_d (t) → π^+π^− (α), and B^± → DK^± (γ) [1]. Unfortunately, these decays only allow the extraction of sin 2α, sin 2β and sin^2 γ, which leads to a fourfold ambiguity for each of the angles.

If one assumes that the three angles add up to 180^∘, which holds even in the presence of new physics in B^0_d –B^0_d mixing [27], then most of the values for the angle sets (α, β, γ) are forbidden. However, one still has a twofold ambiguity in the construction of the UT [28]. Given that sin 2β has been measured to be positive, there are two scenarios: (i) if sin(2α) > 0, then both UT’s point up, while (ii) if sin(2α) < 0, then one UT points up, while the other points down. In either scenario, if one of the solutions is consistent with the SM, while the other is not, then it is necessary to resolve this discrete ambiguity in order to be certain that new physics is present.

Consider now a decay for which the TP is predicted to be large. As noted in the introduction, the TP is proportional to sin ϕ cos δ, where ϕ and δ are weak and strong phases, respectively. In fact, it is straightforward to show that all TP’s are proportional to the CKM parameter η. η measures the height of the UT, so that if η > 0 (< 0), the UT points up (down). Therefore, the sign of the TP can tell us whether the UT points up or down, thus resolving the discrete ambiguity in the second scenario above.

Unfortunately, things are not quite so easy. Once again, one needs to understand well the nonfactorizable effects. For example, consider the decay B^0_d → ρ^0ω^′ (Table 5). If N_c = 3 (pure factorization), then the TP asymmetry is predicted to be +8%, while if N_c = ∞ (large nonfactorizable effects included), the asymmetry is −14%. Suppose, then, that an asymmetry of −8% is measured. This could imply one of two things: either (i) there are no nonfactorizable effects, but η < 0, or (ii) nonfactorizable effects are important, and η > 0. Unless one can distinguish theoretically between these two possibilities, the measurement of the TP asymmetry will not tell us whether the UT points up or down. Thus, TP’s can potentially resolve the above discrete ambiguity, but significant theoretical input will probably be required.

4 New Physics

In almost all of the decays we have studied, the triple-product asymmetries are predicted to be very small, so that these are good places to search for physics beyond the SM. In this section, we examine in more detail the kinds of new physics which can generate such TP’s.

Consider B → V_1V_2 decays which have only one kinematical amplitude in the standard model (or for which one such amplitude dominates). Because there is only a single amplitude, no T-violating TP asymmetry can be produced. Now, as we saw earlier, the effective SM Hamiltonian involves only a left-handed b-quark, and so contains only (V −A)×(V −A) and (V −A)×(V +A) operators. However, some types of new physics can couple to the right-handed b-quark, producing (V + A) × (V − A) and/or (V + A) × (V + A) operators. These new-physics operators will produce different kinematical amplitudes, leading to different phases for a, b and c, and giving rise to a TP asymmetry.

This can be seen explicitly as follows. Suppose that only B → V_2 transitions occur in the decay B → V_1V_2. The SM contribution to such a decay, A_{SM} , is given in Eq. (16), repeated here for convenience: A_{SM} ∼ ∑ O,O^′ ⟨V_1| O |0⟩ ⟨V_2| O^′ |B⟩ = Xε^{∗μ}_1 ⟨V_2| q̄^′γ_μ(1 − γ_5)b |B⟩ . (66) Recall that all weak-phase information is contained in the factor X. Now assume that there is a new-physics contribution with a (V +A)×(V −A) or (V +A)×(V +A) structure. The new amplitude is then A_{N P} ∼ ∑ O_{N P} ,O_{N P}^′ ⟨V_1| O_{N P} |0⟩ ⟨V_2| O_{N P}^′ |B⟩ = Y ε^{∗μ}_1 ⟨V_2| q̄^′γ_μ(1 + γ_5)b |B⟩ , (67)

where Y contains the new-physics weak phase information. In the presence of the new-physics contribution the amplitudes a, b and c of Eq. (4) can now be written as

a = −m_Bm_1g_{V1} A^{(2)}_1 (m^2_1) ( 1 + m_2 m_B ) [X − Y ] , b = 2m_Bm_1g_{V1} A^{(2)}_2 (m^2_1) ( 1 + m_2 m_B )_{−1} [X − Y ] , c = −m_Bm_1g_{V1} V^{(2)}(m^2_1) ( 1 + m_2 m_B )_{−1} [X + Y ] . (68)

Thus, when the new-physics contributions are included, Im(ac^∗) and Im(bc^∗) are nonzero. That is, a TP asymmetry will arise due to the interference of X and Y . Furthermore, since the SM and new-physics operators have different structures, there is no flavour symmetry relating the two contributions, i.e. the phases of a, b and c are different even if V_1 = V_2. That is, in the presence of new physics there is no suppression of the TP asymmetry due to flavour symmetries. Note also that these TP asymmetries can be generated by the interference of two colour-allowed amplitudes (most TP’s in the SM are due to the interference of a colour-allowed and a colour-suppressed amplitude).

We therefore see that the measurement of a nonzero TP asymmetry in this class of decays would be a smoking-gun signal for the presence of nonstandard operators, specifically those involving a right-handed b-quark [29]. In fact, as was shown in Ref. [30], by studying TP’s in several such modes, one can test various models of new physics. As an example of this, we concentrate on the decay B → ϕK^∗.

Within the SM, the CP asymmetries in both B^0_d (t) → J/ψK_S and B^0_d (t) → ϕK_S are expected to measure sin 2β. Any differences between these two measurements should be at most at the level of O(λ^2), where λ ∼ 0.2. However, at present there appears to be an inconsistency. The world averages for these measurements are [31, 32]:

sin(2β(J/ψK_S )) = 0.734 ± 0.054 , sin(2β(ϕK_S )) = −0.39 ± 0.41 . (69)

Now, decays that have significant penguins contributions are most likely to be affected by physics beyond the SM [33]. In particular, it was pointed out some time ago that B^0_d → ϕK_S is sensitive to new physics because it is a pure b → s penguin decay [34]. For this reason, there have been several recent papers discussing possible new-physics scenarios which can account for the above discrepancy [35, 36, 37]. (Some of these have sought a simultaneous explanation of the CP asymmetry measurements in B^0_d (t) → ϕK_S and the B → η^′K branching ratios [37]. However, it should be pointed out that the SM explanation of these branching ratios is far from being ruled out [38].)

Assuming that there is physics beyond the SM in B^0_d → ϕK_S , the question then is: what is the nature of this new physics? More concretely, what is the structure of the new-physics operators that contribute to the effective Hamiltonian for B decays? A partial answer to this question can be found in the measurement of T-violating triple products in the sister decay B → ϕK^∗ [39]. As we have argued above, if TP’s vanish in certain decays in the SM, they can be generated in models of new physics which involve couplings to the right-handed b-quark. However, not all of the models proposed to explain the CP asymmetry in B^0_d (t) → ϕK_S contain such couplings. One can therefore partially distinguish among these models by examining TP’s in B → ϕK^∗. (Note that one can also look at TP’s in Λ_b → Λϕ [30] as the underlying b → ss̄s transition in this decay is the same as in B → ϕK_S .)

We do not present here a comprehensive analysis, but rather focus on one particular new-physics model, that of supersymmetry with R-parity violation [36]. (Note that the analysis here can easily be extended to a more general approach, in which one examines new-physics operators without reference to a particular model. Such an approach was presented in Ref. [30].) Assuming that R-parity-violating SUSY is the explanation for the CP measurements in B^0_d (t) → ϕK_S , we estimate here the expected TP asymmetries in B → ϕK^∗.

For the b → ss̄s transition, the relevant terms in the R-parity-violating SUSY Lagrangian are L_{ef f} = λ^′_{i32}λ^{′∗}_{i22} 4m^2~_{νi} s̄(1 + γ_5)s s̄(1 − γ_5)b + λ^′_{i22}λ^{′∗}_{i23} 4m^2~_{νi} s̄(1 − γ_5)s s̄(1 + γ_5)b . (70)

(We refer to Ref. [36] for a full explanation of SUSY with R-parity violation.) The amplitude for B → ϕK^∗, including the new-physics contributions, can then be written as A[B → ϕK^∗] = G_F √ 2 [(X + X_1)P_ϕ + X_2Q_ϕ] , (71)

with X = − ∑ q=u,c,t V_{qb}V^∗_{qs} [ a^q_3 + a^q_4 + a^q_5 − 1 2 (a^q_7 + a^q_9 + a^q_{10}) ] , X_1 = − √ 2 G_F λ^′_{i32}λ^{′∗}_{i22} 24 m^2~_{νi} ,

X_2 = − √ 2 G_F λ^′_{i22}λ^{′∗}_{i23} 24 m^2~_{νi} , P_ϕ = m_ϕg_ϕε^{∗μ}_ϕ ⟨K^∗| s̄γ_μ(1 − γ_5)b |B⟩ , Q_ϕ = m_ϕg_ϕε^{∗μ}_ϕ ⟨K^∗| s̄γ_μ(1 + γ_5)b |B⟩ . (72)

For B^0_d → ϕK_S it is the combination X_1 + X_2 which contributes [36], and we can define the quantity X_R via

X_1 + X_2 = √ 2 G_F X_R 12M^2 e^{iϕ} , (73)

where ϕ is the weak phase in the R-parity-violating couplings, and M is a mass scale with M ∼ m~_{νi} . In order to reproduce the CP-violating B^0_d (t) → ϕK_S measurement in Eq. (69), one requires |X_R| ∼ 1.5 × 10^{−3} for M = 100 GeV, along with a value for the phase ϕ near^π_2 . In our calculations of TP’s in B → ϕK^∗ we make the simplifying assumption that X_1 = X_2, and choose ϕ =^π_2 .

We present our results in Table. 8. Note that these hold for both neutral and charged B decays. The branching ratio for B → ϕK^∗ is slightly larger than the measured branching ratios BR(B^+ → ϕK^{∗+}) = 10^{+5}_{−4} ×10^{−6} and BR(B^0_d → ϕK^{∗0}) = 9.5^{2.4}_{−2.0}×10^{−6} [22], but it is well within the theoretical uncertainties of the calculation. The important observation is that we expect very large (15–20%) TP asymmetries for these decays, as well as for those with radially-excited final states.

In fact, these results are not unique to supersymmetry with R-parity violation. One expects to find large TP asymmetries in many other models of physics beyond the SM. The measurement of such TP asymmetries would not only reveal the presence of new physics, but more specifically it would point to new physics which includes large couplings to the right-handed b-quark.

There is one final point which must be stressed here. The standard method of searching for new physics in such decays is to try to measure direct CP asymmetries. However, here such asymmetries are small, at most 4%. The reason is simply that direct CP asymmetries are proportional to sin δ, where δ is the strong phase difference between the two decay amplitudes [Eq. (2)], and for this set of decays the strong phase difference is very small. Indeed, this is the case for many B decays. This emphasizes the importance of measuring triple-product asymmetries in order to search for physics beyond the SM. If one relies only on direct CP asymmetries, it is easy to miss the new physics.

5 Summary

A great deal of work, both theoretical and experimental, has been devoted to the study of CP violation in the B system. As always, the hope is that we will discover physics beyond the standard model. Most of this work has concentrated on

Process BR A^{(1)}_T % N_c B → ϕK^∗ 16.7 (17.4) × 10^{−6} −16.3 (−15.6) 3 B → ϕ^′K^∗ 19.1 (20.7) × 10^{−6} −21.0 (−19.3) 3 B → ϕK^{∗′} 28.0 (28.9) × 10^{−6} −15.4 (−14.8) 3

Table 8: Branching ratios (BR) and triple-product asymmetries (A^{(1)}_T ) for B → ϕK^∗ and excited states, for N_c = 3 (pure factorization). The results for the CP-conjugate process are given in parentheses.

indirect CP-violating asymmetries, while a smaller fraction has focussed on direct CP violation. However, one subject which has been largely neglected is T-violating triple-product correlations (TP’s) which take the form ⃗v_1 · (⃗v_2 × ⃗v_3), where each v_i is a spin or momentum. One point we have attempted to emphasize in this paper is that TP’s are an excellent way to look for new physics.

The idea is straightforward. If one measures a nonzero value for a quantity which is expected to vanish in the SM, one will clearly have found new physics. Now, direct CP asymmetries are proportional to sin ϕ sin δ, where ϕ and δ are, respectively, weak and strong phase differences. In B decays, the strong phases are expected to be small in general, so that the direct CP asymmetries will be unmeasurable. Note that weakannihilation contributions induced by (S − P )(S + P ) penguin operators can lead to large strong phases in certain P P and P V decays [8], leading to measurable direct CP asymmetries. However, the annihilation amplitude in the V V case does not gain a chiral enhancement of order m^2_B/(m_qm_b) – it is truly power suppressed in the heavy-quark limit [9]. Hence, in B → V V decays, the strong phases are expected to be small, so that direct CP asymmetries will be tiny.

These strong phases will also be small in the presence of new physics. This is because the new-physics amplitude is typically expected to be of the same size as loop amplitudes in the SM, and so any rescattering effects from these new operators will be small, resulting in small strong phases. (Note that in the SM the strong phases for B → V V decays arise dominantly from rescattering of tree-level amplitudes.) Furthermore, even though the new-physics contribution may contain different shortdistance physics than that of the SM, the process of hadronization to the final-state mesons is a QCD phenomena, and so is expected to be same with or without new physics. Hence, if the SM strong phases are small in B → V V decays, they are likely to be small even with new physics. Thus, even if new physics is present, it will probably be undetectable in B → V V decays using direct CP asymmetries.

On the other hand, triple-product asymmetries are proportional to sin ϕ cos δ, which are maximized if δ ≃ 0. Thus, if a TP is predicted to vanish in the SM, this is an excellent place to look for new physics because there is no suppression from the strong phases. In particular, if new physics is present, it will be detected in TP’s but not in direct CP asymmetries.

In this paper we have examined in detail triple-product asymmetries in B → V_1V_2 decays [2, 3]. It is well known that one can perform an angular analysis on such decays (usually to separate the final state into CP-even and CP-odd pieces). However, it is rarely emphasized that the TP’s are in fact the coefficients of some of the terms in the angular analysis. Thus, the TP asymmetries can be obtained from such an analysis.

Within factorization, there are relatively few B → V_1V_2 decays which are expected to have TP’s. The point is that it is not enough to have two decay amplitudes with a relative weak phase (e.g. a tree and penguin amplitude) – what one really needs are two kinematical amplitudes with a relative phase. In particular, because the SM interactions are purely left-handed, both B → V_1 and B → V_2 transitions must be allowed. This strongly limits the number of decays in which TP’s are expected, which helps in the search for new physics.

Like previous analyses [2, 3], we have found several B decays which satisfy these criteria. However, there are two factors which can suppress the TP’s in such decays. First, if V_1 and V_2 are related by a symmetry such as isospin or SU(3) flavour, the TP asymmetry is suppressed by the size of symmetry breaking. It is therefore best to use decays in which the two final-state vector mesons are unrelated by such a symmetry. Second, all TP’s are suppressed by at least one power of m_V /m_B, so that it is best to use heavy final-state mesons. The upshot is that it is advantageous to consider decays which involve excited mesons in the final state. In such decays, the above suppressions are minimized (and the branching ratios are expected to be of the same size as those involving ground-state mesons). In this paper, we have therefore concentrated mainly on decays with radially-excited vector mesons. We have also considered new modes involving B^−_c decays, as well as B decays to D̄^{∗0} and D^{∗0} which then decay to the same final state.

For those decays which can have nonzero triple products in the SM, we have calculated the expected size of these TP’s. We have found that most TP’s are very small. The only processes where large TP’s (> 5%) can occur are in B decays to excited final-state vector mesons, specifically B^− → K^{∗−}ω^′, B^0_d → ρ^0ω^′ and B^0_d → ρ^{0′}ω. Decays with TP’s of several percent (i.e. only marginally measurable) include B^− → K^{∗−′}ω, B^0_d → K^{∗0}ω^′ and B^0_s → ϕK^{∗′}. We have also considered B decays to final states which include D^{∗0} or D̄^{∗0} mesons, in which these mesons decay to the same final state. Large TP’s are possible only for B^− → K^{∗−}D^{∗0} and B^− → K^{∗−}D̄^{∗0}, with D^{0∗} → D^0π^0 and D̄^{0∗} → D̄^0π^0, and D^0, D̄^0 → K^+π^−.

Note that the sizes of these TP’s all depend on the size of the nonfactorizable effects. In particular, if large TP’s are not found in these decays, it does not necessarily indicate new physics – it could simply be that the nonfactorizable effects are such that the TP’s are small.

The most reliable estimates of TP’s are for those decays in which nonfactorizable effects are expected to be small. These are decays which are dominated by colourallowed transitions. As it turns out, most TP’s in such decays are expected to vanish, so that these are excellent processes in which to search for physics beyond the standard model. As an example of how new physics can affect triple products, we considered a supersymmetric model with R-parity violation, and calculated the size of TP’s in B → ϕK^∗ decays. In the SM, the TP for this decay vanishes, but when the new-physics contribution is added, very large TP’s are obtained, in the range 15%–20%. Indeed, this type of result is expected in many models of new physics. The measurement of a nonzero TP asymmetry where none is expected would not only reveal the presence of new physics, but more specifically it would point to new physics which includes large couplings to the right-handed b-quark. This illustrates quite clearly the usefulness of triple-product correlations in B decays for finding new physics.

Acknowledgements: D.L. thanks A.D. for the hospitality of the University of Toronto, where part of this work was done. This work was financially supported by NSERC of Canada.

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] G. Valencia, Phys. Rev. D39, 3339 (1989).

[3] G. Kramer and W.F. Palmer, Phys. Rev. D45, 193 (1992), Phys. Lett. 279B, 181 (1992), Phys. Rev. D46, 2969 (1992); G. Kramer, W.F. Palmer and T. Mannel, Zeit. Phys. C55, 497 (1992); G. Kramer, W.F. Palmer and H. Simma, Nucl. Phys. B428, 77 (1994); A.N. Kamal and C.W. Luo, Phys. Lett. 388B, 633 (1996); D. Atwood and A. Soni, Phys. Rev. Lett. 81, 3324 (1998), Phys. Rev. D59, 013007 (1999).

[4] A.S. Dighe, I. Dunietz, H.J. Lipkin and J.L. Rosner, Phys. Lett. 369B, 144 (1996); B. Tseng and C.-W. Chiang, hep-ph/9905338.

[5] N. Sinha and R. Sinha, Phys. Rev. Lett. 80, 3706 (1998); C.-W. Chiang and L. Wolfenstein, Phys. Rev. D61, 074031 (2000).

[6] The full time-dependent B → V_1V_2 angular distribution is discussed in C.-W.

Chiang, Phys. Rev. D62, 014017 (2000).

[7] M. Beneke, G. Buchalla, M. Neubert and C.T. Sachrajda, Nucl. Phys. B591, 313 (2000), Nucl. Phys. B606, 245 (2001).

[8] Y.Y. Keum, H.-n. Li and A.I. Sanda, Phys. Lett. 504B, 6 (2001).

[9] H.-Y. Cheng and K.-C. Yang, Phys. Lett. 511B, 40 (2001).

[10] See, for example, G. Buchalla, A.J. Buras and M.E. Lautenbacher, Rev. Mod.

Phys. 68, 1125 (1996), A.J. Buras, “Weak Hamiltonian, CP Violation and Rare Decays,” in Probing the Standard Model of Particle Interactions, ed. F. David and R. Gupta (Elsevier Science B.V., 1998), pp. 281-539.

[11] M. Bauer, B. Stech and M, Wirbel, Zeit. Phys. C34, 103 (1987). [12] B. Kayser, Nucl. Phys. Proc. Suppl. 13, 487 (1990).

[13] M. Gronau and D. Wyler, Phys. Lett. 265B, 172 (1991). See also M. Gronau and D. London, Phys. Lett. 253B, 483 (1991); I. Dunietz, Phys. Lett. 270B, 75 (1991); N. Sinha and R. Sinha, Phys. Rev. Lett. 80, 3706 (1998).

[14] D. Atwood, I. Dunietz and A. Soni, Phys. Rev. Lett. 78, 3257 (1997). [15] The decay B^0_d (t) → D^∗ρ can be used to extract the CP phase 2β + γ, see D.

London, N. Sinha and R. Sinha, Phys. Rev. Lett. 85, 1807 (2000). [16] W. Bensalem, A. Datta and D. London, Phys. Lett. 538B, 309 (2002). [17] J. Charles et al., Phys. Rev. D60, 014001 (1999).

[18] M. Beneke and T. Feldmann, Nucl. Phys. B592, 3 (2001); T. Kurimoto, H.-n.

Li and A.I. Sanda, Phys. Rev. D65, 014007 (2002).

[19] A. Datta, H.J. Lipkin and P.J. O’Donnell, Phys. Lett. 540B, 97 (2002). [20] H.Y. Cheng and B. Tseng, Phys. Rev. D58, 094005 (1998); Y.H. Chen, H.Y.

Cheng, B. Tseng and K.C. Yang, Phys. Rev. D60, 094014 (1999); H.Y. Cheng and K.C. Yang, Phys. Rev. D62, 054029 (2000).

[21] A. Datta, H.J. Lipkin and P.J. O’Donnell, Phys. Lett. 529B, 93 (2002). [22] D.E. Groom et al. (Particle Data Group), Eur. Phys. J. C15, 1, (2000). [23] A. Abd El-Hady, A. Datta and J.P. Vary, Phys. Rev. D58, 014007 (1998). [24] M.A. Ivanov, J.G. Korner and P. Santorelli, Phys. Rev. D63, 074010 (2001). [25] D. Melikhov and B. Stech, Phys. Rev. D62, 014006 (2000). [26] A. Abd El-Hady, A. Datta, K.S. Gupta and J.P. Vary, Phys. Rev. D55, 6780 (1997).

[27] Y. Nir and D.J. Silverman, Nucl. Phys. B345, 301 (1990). [28] For a discussion of discrete ambiguities in the extraction of CP phases, see Y.

Grossman and H.R. Quinn, Phys. Rev. D56, 7259 (1997); B. Kayser and D. London, Phys. Rev. D61, 116012 (2000).

[29] The importance of new-physics couplings to the right-handed b quark was also discussed in D. Atwood and A. Soni, Ref. [3].

[30] W. Bensalem, A. Datta and D. London, Phys. Rev. D66, 094004 (2002).

[31] B^0_d (t) → J/ψK_S : B. Aubert et al. (BABAR Collaboration), hep-ex/0207042;

K. Abe et al. (Belle Collaboration), hep-ex/0208025. The weighted average of these two results is taken from the CKMfitter web site: http://www.slac.stanford.edu/∼laplace/ckmfitter.html

[32] B^0_d (t) → ϕK_S : B. Aubert et al. (BABAR Collaboration), hep-ex/0207070 (sin(2β(ϕK_S ))_{BaBar} = −0.19^{+0.52}_{−0.50} ± 0.09); T. Augshev (Belle Collaboration), talk given at ICHEP 2002, BELLE-CONF-0232 (sin(2β(ϕK_S ))_{Belle} = −0.73 ± 0.64 ± 0.18).

[33] Y. Grossman and M.P. Worah, Phys. Lett. 395B, 241 (1997).

[34] D. London and A. Soni, Phys. Lett. 407B, 61 (1997).

[35] G. Hiller, Phys. Rev. D66, 071502 (2002); M. Ciuchini and L. Silvestrini, Phys. Rev. D89, 231802 (2002); M. Raidal, Phys. Rev. Lett. 89, 231803 (2002); J.P. Lee and K.Y. Lee, arXiv:hep-ph/0209290; S. Khalil and E. Kou, arXiv:hep-ph/0212023; G.L. Kane, P. Ko, H.-b. Wang, C. Kolda, J.H. Park and L.T. Wang, arXiv:hep-ph/0212092; S.-w. Baek, arXiv:hep-ph/0301269; C.W. Chiang and J.L. Rosner, arXiv:hep-ph/0302094.

[36] A. Datta, Phys. Rev. D66, 071702 (2002).

[37] B. Dutta, C.S. Kim and S. Oh, Phys. Rev. Lett. 90, 011801 (2003); A. Kundu and T. Mitra, arXiv:hep-ph/0302123.

[38] See, for example, A. Datta, H.J. Lipkin and P.J. O’Donnell, Phys. Lett. 544B, 145 (2002).

[39] In the same spirit, for a comparison of B^0_d → J/ψK_S and B → J/ψK^∗, see D.

London, N. Sinha and R. Sinha, arXiv:hep-ph/0207007.