Received: August 28, 2001, Accepted: October 04, 2001

HYPER VERSION

W_R effects on CP asymmetries in B meson decays

Dennis Silverman

Department of Physics, University of California Irvine, Irvine, CA 92697-4575, USA E-mail: djsilver@uci.edu

Herng Yao

Department of Physics, National Taiwan Normal University Taipei, Taiwan 117 E-mail: yao@phy03.phy.ntnu.edu.tw

Abstract: After we have limited elements of the right-handed CKM matrix to satisfy the bounds for CP violation ϵ_K in K meson systems, the right-handed charged current gauge boson W_R is shown to substantially affect CP asymmetries in B systems. A joint χ^2 analysis is applied to B − B̄ mixing to constrain the right-handed CKM matrix elements. In (sin (2α), sin (2β)), (x_s, sin (γ)), (ρ, η), and (x_s, sin (2ϕ_s)) plots in the presence of the W_R boson, we find larger allowed experimental regions that can distinguish this model from the standard model.

Keywords: Beyond Standard Model, B-Physics, CP violation.

Contents

1. Introduction 1

2. Left-right symmetric models 2

3. CP violation in K Meson systems 3

4. B^0 − B̄^0 mixing 6 4.1 B_d − B̄_d mixing 7 4.1.1 st-coupling 7 4.1.2 dt-coupling 7 4.2 B_s − B̄_s mixing 8 4.2.1 st-coupling 8 4.2.2 dt-coupling 8

5. Joint χ^2 analysis for CKM matrix elements 8

6. CP asymmetries in B^0 decays 9 6.1 (sin (2α), sin (2β)) plots 9 6.1.1 st-coupling 9 6.1.2 dt-coupling 10 6.2 (x_s, sin (γ)) plots 10 6.2.1 st-coupling 10 6.2.2 dt-coupling 12 6.3 (x_s, sin (2ϕ_s)) plots 13 6.3.1 st-coupling 13 6.3.2 dt-coupling 13 6.4 (ρ, η) plots 13 6.4.1 st-coupling 13 6.4.2 dt-coupling 14

7. Conclusions 14

1. Introduction

Within the standard model (SM), the flavour non-diagonal couplings in the weak charged-current interactions are described by the unitary Cabibbo-Kobayashi- Maskawa (CKM) matrix [1]. The SM has been considered as the complete description of the weak interactions. However, it is widely believed that there must be physics beyond the SM. The left-right symmetric model (LRSM) is one of the simplest extensions in new physics. Currently, B factories at SLAC and KEK have started to measure the CP violating asymmetries in the decays of B mesons and provide a test of the SM explanation of CP violation. The goal of this paper is to examine the possible effects of a right-handed boson W_R on the determinations of CP violating decay asymmetries.

2. Left-right symmetric models

The V −A structure of the weak charged currents was established after the discovery of parity violation [2]. This is manifested in the standard model by having only the left-handed fermions transform under the SU(2) group. It is then natural to ask whether or not the right-handed fermions take part in charged-current weak interactions, and if they do, with what strength. Charged-current interactions for the right-handed fermions can easily be introduced by extending the gauge group [3]. The simplest example is the SU(2)_L×SU(2)_R×U(1)_{B−L} model, where the left-handed fermions transform as doublets under SU(2)_L and as singlet under SU(2)_R, with the situation reversed for the right-handed fermions [4]. The addition of a new SU(2)_R to the gauge group implies the existence of three new weakly interacting gauge bosons: two are charged and one is neutral.

The charged right-handed gauge bosons (denoted by W^±_R ) and a neutral gauge boson Z_2 acquire masses, which are proportional to a vacuum expectation value, and which become much heavier than those of the usual left-handed W^±_L and Z_1 bosons. The charged current weak interactions can be written as (suppressing the generation mixing) L = g √ 2 (ū_Lγ_μd_L + ν̄_Lγ_μe_L)W^+_L + + g √ 2 (ū_Rγ_μd_R + ν̄_Rγ_μe_R)W^+_R + H.C. , (2.1)

where the gauge coupling for left and right-handed currents is assumed to have the same strength g, and a W_L − W_R mixing term is neglected since it is highly suppressed by the experimental data [5]. It is clear that for m_{WL} ≪ m_{WR} , the charged current weak interactions will appear almost maximally parity-violating at low energies. Any deviation from the pure left-handed (or V − A) structure of the charged weak current will constitute evidence for a right-handed current and therefore a left-right symmetric structure of weak interactions.

Within the SU(2)_L × SU(2)_R × U(1) model, we denote the left- and right-handed quark mixing matrices by V^L and V^R, respectively. The form of V^L is parametrized by [6]

V^L = d s b u 1 −^{λ2}_2 λ Aλ^3(ρ − iη) c −λ 1 −^{λ2}_2 Aλ^2 t Aλ^3(1 − ρ − iη) −Aλ^2 1 . (2.2)

On the other hand, the choice of the manifest left-right symmetry, i.e. V^R = V^L, would yield a very strigent bound m_{WR} ≥ 1.6 TeV from the constraint of the kaon mass difference [7]. The limits from Δm_K for arbitary V^R were first considered by Olness and Ebel [8] and followed by Langacker and Sankar [5]. They showed that the lower limit of the W_R mass could be reduced by taking either of the following two general forms of V^R

V^R_I = d s b u 1 0 0 c 0 ce^{iξ} se^{iσ} t 0 se^{iϕ} ce^{iχ} , V^R_{II} = d s b u 0 1 0 c ce^{iξ} 0 se^{iσ} t se^{iϕ} 0 ce^{iχ} , (2.3)

where s = sin θ and c = cos θ (0 ≤ θ ≤ 90^o), along with the unitarity condition ξ − σ = ϕ − χ + π. The former type will be called the case of st-coupling (V^R_I ) and the latter that of dt-coupling (V^R_{II} ) in the paper. There is the possibility of having an overall phase factor e^{iω} multiplying both matrices, but in all relevant processes considered here, the W_R is not mixed but reabsorbed, so these phase factors are always cancelled by their complex conjugates and are not independent variables for statistical purposes. We therefore take ω to be zero for simplicity.

A general parametrization of V_R will involve six phases [9]. There is not enough data to constrain this many variables. As shown below, the contributions to ϵ_K from V^R from t and/or c quarks in the inner box could be a thousand times the standard model, unless products of V^R matrix elements were one part per thousand. Since the error on ϵ is only 10% to 15% from B_K , these matrix elements would have to be small and finely tuned to contribute. So it is more natural to assume that they are essentially zero for our calculations. This means that the c and t elements of the d or s columns are taken to vanish, as in the cases of st- and dt-coupling, respectively, in eq. (2.3).

For our purposes of showing the effects of LRSM in B physics CP violating experiments, we use the above cases as starting points. They will each be shown to bring in only one independent right-hand phase.

3. CP violation in K Meson systems

The CP violation parameter ϵ_K in K decays, which is proportional to the imaginary part of the box diagrams mediated by two W_L, or two W_R or a W_L −W_R pair, is given as ϵ_K ≈ Im ⟨K^0|H(ΔS = 2)|K̄^0⟩/ √ 2Δm_K where H(ΔS = 2) = H^{LL} + H^{RR} + H^{LR} is the hamiltonian from the box diagrams named above. The H^{LL} contribution gives [10]

ϵ_K =

G^2_F f^2_K B_K m_K m^2_{WL} 12 √ 2π^2Δm_K

[η_{cc}S(x_c)I_{cc} + η_{tt}S(x_t)I_{tt} + 2η_{ct}S(x_c, x_t)I_{ct}] , (3.1)

where I_{ij} = Im(V^∗_{id}V_{is}V^∗_{jd}V_{js}), and the Inami-Lim functions [7] are S(x) = x [ 1 4 + 9 4(1 − x) − 3 2(1 − x)^2 ] − 3 2 ( x 1 − x )_3

ln x , (3.2) S(x_c, x_t) = x_c [ ln x_t x_c − x_t 4(1 − x_t) ( 1 + x_t 1 − x_t ln x_t )] , with x_i = m^2_i /m^2_{WL} . The factors η_{cc} = 1.38, η_{tt} = 0.59, and η_{ct} = 0.47 are QCD corrections [11].

The two W_R exchange part, H^{RR}, gives no contribution due to the factor I_{ij} vanishing for both cases of V^R as shown in eq. (2.3).

The part from W_L and W_R exchange, H^{LR}, gives [12]

H^{LR} =

2G^2_F π^2 m^2_{WL} x_{LR} ∑ i,j=u,c,t λ^{LR}_i λ^{RL}_j (d̄_Rs_L)(d̄_Ls_R) √x_ix_j 4 × (3.3) × [( 4η^{(1)}_{ij} + η^{(2)}_{ij} x_ix_j x_{LR} ) I_1(x_i, x_j, x_{LR}) − ( η^{(3)}_{ij} + η^{(4)}_{ij} x_{LR} ) I_2(x_i, x_j, x_{LR}) ] , where λ^{LR}_i = V^{L∗}_{id} V^R_{is} , the ratio of W masses squared is x_{LR} = (m_{WL} /m_{WR} )^2,

I_1(x_i, x_j , x_{LR}) = x_i ln x_i (1 − x_i)(1 − x_ix_{LR})(x_i − x_j ) + (i ←→ j) − − x_{LR} ln x_{LR} (1 − x_{LR})(1 − x_ix_{LR})(1 − x_j x_{LR}) , I_2(x_i, x_j , x_{LR}) = x^2_i ln x_i (1 − x_i)(1 − x_ix_{LR})(x_i − x_j ) + (i ←→ j) − − ln x_{LR} (1 − x_{LR})(1 − x_ix_{LR})(1 − x_j x_{LR})

, (3.4)

and η^{(1)−(4)} are the short-distance QCD correction factors, whose explicit forms are given in [12]. Their values are (η^{(1)}cc , η^{(1)}_{ct} , η^{(1)}_{tt} ) = (0.61, 1.27, 1.98), (η^{(2)}cc , η^{(2)}_{ct} , η^{(2)}_{tt} ) = (0.04, 0.27, 0.75), (η^{(3)}cc , η^{(3)}_{ct} , η^{(3)}_{tt} ) = (0.55, 1.03, 1.93), and (η^{(4)}cc , η^{(4)}_{ct} , η^{(4)}_{tt} ) = (0.45, 0.84, 1.58) for m_{WR} = 2.5 TeV and m_t = 175 GeV at the scale μ = 4.5 GeV.

The contribution to ϵ_K from H^{LR} only comes from the following combinations of quark mixing elements surviving in λ^{LR}_i λ^{RL}_j : for the case of st-coupling

(cu pair) : λ^2c sin (−ξ) , (tu pair) : Aλ^4[(1 − ρ) sin (ϕ) + η cos (ϕ)] ; (3.5) and for the case of dt-coupling

(uc pair) : ( 1 − λ^2 2 )_2 c sin (−ξ) , (ut pair) : Asλ^2 ( 1 − λ^2 2 ) sin (−ϕ) . (3.6)

Again, the contributions to ϵ_K would be of the same order as in the SM in the case of st-coupling, or 10 to 100 times as large in that of dt-coupling, unless some of the parameters were very small or if a cancelation occured. So we will adjust the parameters in V^R so that no contribution to ϵ_K will come from H^{LR}. This is accomplished by various conditions [14] in the two cases. For the case of st-coupling (V^R_I ), the LRSM model needs effectively:

sin (ξ) = 0 , and tan (−ϕ) = η (1 − ρ)

. (3.7)

From the geometry of the unitarity triangle in the ρ, η plane, we see that ϕ = −β, where β is the unitarity triangle angle at ρ = 1. In this case, using the unitarity relation also, we have remaining two V^R_I variables to vary: s and σ. For the case of dt-coupling (V^R_{II} ) the LRSM model effectively needs

c = 0 , and sin (ϕ) = 0 . (3.8)

In this case we have only the variable σ in V^R_{II} to vary. There are other solutions to suppress ϵ_K . However, we use the above cases since they give the most significant effects on CP violation in B decay by W_R. In summary then, the right-handed mixing matrices have become:

V^R_I = d s b u 1 0 0 c 0 c se^{iσ} t 0 se^{−iβ} −ce^{i(σ−β)} , V^R_{II} = d s b u 0 1 0 c 0 0 e^{iσ} t 1 0 0

. (3.9)

Just as in the left-handed CKM matrix where there is one somewhat sizeable parameter (λ) mixing the lightest generations, while the other matrix elements are rather small, a similar behavior is seen in the right-hand matrix. In the case of st-coupling (V^R_I ), it is the heavier generations that mix more than the lightest one, and in the case of dt-coupling (V^R_{II} ) it is the light s and d quarks whose mixing elements switch roles. Once the disappearance of the LR contribution to ϵ_K is arranged, which comes from the imaginary part of the M^{LR}_{12} matrix element, we also find that the contribution of the real part, which gives Δm_K , is also very small: there is no contribution in the case of dt-coupling, and in the case of st-coupling, the contributions are only from (t, u) and (c, u) intermediate quarks. These contributions have the same orders of λ as in the SM, but are suppressed by m_u/m_t and m_u/m_c, respectively.

Recently, some detailed analyses of W_R effects on ϵ_K have been made [9] in the LRSM models in which the third generation was not dominant. The large N_C expansion and chiral perturbation theory were applied to estimate the left-right hadronic matrix elements ⟨K^0|H^{LR}(ΔS = 2)|K̄^0⟩ and their uncertainties. The models considered here have dominant third generation effects and are complementary to the other models.

What we find here is that even with the mixing matrices V_R which in both cases avoid the ϵ_K and Δm_K constraints, the other experiments still give a lower bound of m_{WR} ≥ 1.3 TeV in the case of dt-coupling, at 95% CL. In this case, even though V^R_{ud} = 0 in W_R production, the experimental D0 limit from Fermilab [13] is m_{WR} ≥ 505 GeV at 95% CL (see [13, Figure 3].). In the case of st-coupling, with V^R_{ud} = 1, the Fermilab limit is m_{WR} ≥ 720 GeV, and we present analyses for m_{WR} ≥ 1 TeV. With only the set of experiments we have considered, the case of st-coupling does have solutions down to m_{WR} ≥ 0.25 TeV.

4. B^0 − B̄^0 mixing

The mixing parameter x_q in the B^0_q − B̄^0_q system is defined by x_q ≡ (Δm)_{Bq} Γ = 2τ_{Bq} |M_{12}| , (4.1)

where q = d or s, and M_{12} is the dispersive part of the mixing matrix element, i.e. M_{12} −^i_2 Γ_{12} = ⟨B^0|H(ΔB = 2)|B̄^0⟩. In the standard model, the mixing is explained by the dominant contribution of the two t-quark box diagrams. In the LRSM, M_{12} contains three terms M_{12} = M^{LL}_{12} + M^{RR}_{12} + M^{LR}_{12} , (4.2)

corresponding to the contributions from box diagrams in which two W_L, two W_R and a W_L − W_R pair are exchanged. The standard model matrix element M^{LL}_{12} is

M^{LL}_{12} =

G^2_F 12π^2 m_B m^2_{WL} ( f^2_BB_B ) η_{tt}S(x_t) ( V^{L∗}_{tq} V^L_{tb} )_2 , (4.3)

where S(x_t) is defined in eq. (3.2) and η_{tt} = 0.59 is the QCD correction factor. The evaluation of the hadronically uncertain f^2_B B_B has been the subject of much work, which is summarized in [15]. We will use

f_{Bd} B^{1/2}_{Bd} = 210 ± 40 MeV , and f_{Bs} B^{1/2}_{Bs} = 230 ± 45 MeV (4.4)

from the scaling law and recent lattice calculations.

The element M^{RR}_{12} is given by

M^{RR}_{12} =

G^2_F 12π^2 m_B m^2_{WL} ( f^2_B B_B ) η_{tt}S(x_t)x^2_{LR} ( V^{R∗}_{tq} V^R_{tb} )_2 . (4.5)

It disappears in B_d − B̄_d mixing due to either V^R_{td} = 0 or V^R_{tb} = 0 for both cases in V^R, but it has a contribution for the case of st-coupling in B_s − B̄_s mixing due to the non-zero values of V^R_{ts} and V^R_{tb} .

The matrix element M^{LR}_{12} is

M^{LR}_{12} =

G^2_F 2π^2 m_B ( f^2_B B_B ) (m_B m_b )_2 m^2_{WL} x_{LR} ∑ i,j=u,c,t λ^{LR}_i λ^{RL}_j × × [√ x_ix_j 4 [( 4η^{(1)}_{ij} + η^{(2)}_{ij} x_ix_j x_{LR} ) I_1(x_i, x_j, x_{LR})− − ( η^{(3)}_{ij} + η^{(4)}_{ij} x_{LR} ) I_2(x_i, x_j , x_{LR}) ] ] , (4.6)

where λ^{LR}_i = V^{L∗}_{iq} V^R_{ib} , λ^{RL}_j = V^{R∗}_{jq} V^L_{jb} , η^{(1)−(4)}, and I_1 and I_2 are defined in eqs. (3.3) and (3.4). In order to obtain this formula, the following ratio of matrix elements of quark operators [12] has been applied ⟨ B^0 | |(d̄_Rb_L) (d̄_Lb_R) | | B̄^0⟩ ⟨ B^0 | | | (¯ d_Lγ_μb_L )_2| | B̄^0 ⟩ = ⟨ B^0 | |d̄_Rb_L | | 0⟩ ⟨0 | |d̄_Lb_R | | B̄^o⟩ ⟨ B^0 | |d̄_Lγ_μb_L | | 0⟩ ⟨ | |d̄_Lγ_μb_L | | B̄0⟩ = 3 4 B^′_B B_B ( m_B m_b )_2

, (4.7)

where the bag factors B^′_B and B_B encompass all possible deviations from the vacuum saturation approximation. B^′_B can be treated as approximately equal to B_B . Their slight difference is irrelevant compared to other uncertainties.

The contributions of the nine different combinations within eq. (4.6) are dominated by (t, t), (t, c), (c, t) and (u, t) pairs, for which the values of the large square bracket at m_{WR} = 1 TeV are 11.9, 4.6×10^{−2}, 5.0×10^{−2} and 0.80×10^{−2}, respectively, the ratios mainly due to the quark mass factors √x_ix_j . All of the remaining terms are less than 10^{−3}.

4.1 B_d − B̄_d mixing 4.1.1 st-coupling In the matrix element M^{LR}_{12} of eq. (4.6) only two terms from (c, u) and (t, u) pairs will survive in the case of st-coupling because of the factor λ^{LR}_i λ^{RL}_j . One finds that M^{LR}_{12} ≪ M^{LL}_{12} by four orders of magnitude, no matter what the mass value m_{WR} is. Therefore, we may neglect the W_R contribution to B_d − B̄_d mixing in this case.

4.1.2 dt-coupling On the other hand, there is only one non-vanishing term from the (c, t) pair in M^{LR}_{12} in the case of dt-coupling. One obtains M^{LR}_{12} ∼ M^{LL}_{12} if m_{WR} = 2.5 TeV, M^{LR}_{12} < M^{LL}_{12} if m_{WR} = 5 TeV, and M^{LR}_{12} ≤ 10^{−2}M^{LL}_{12} if m_{WR} = 10 TeV. The effect from W_R in B_d − B̄_d mixing appears in this case.

4.2 B_s − B̄_s mixing

4.2.1 st-coupling

The effect from two W_R exchanges appears here. M^{RR}_{12} ≪ M^{LL}_{12} with the ratio from 10^{−3} to 10^{−7} as m_{WR} varies from 1 to 15 TeV. Nevertheless, there are four terms which appear in M^{LR}_{12} in the case of st-coupling, namely those from (c, c), (c, t), (t, c) and (t, t) pairs, and which are dominated by the (t, t) pair. This gives M^{LR}_{12} ∼ M^{LL}_{12} for m_{WR} = 2.5 TeV, and M^{LR}_{12} ≪ M^{LL}_{12} by two orders of magnitude for m_{WR} = 10 TeV. The W_R contribution to B_s − B̄_s mixing cannot be ignored since m_{WR} < 5 TeV in this case.

4.2.2 dt-coupling

There is also one non-vanishing term in M^{LR}_{12} coming from the (c, u) pair in the case of dt-coupling, but M^{LR}_{12} ≪ M^{LL}_{12} by five orders of magnitude. Here, W_R gives no contribution to B_s − B̄_s mixing.

5. Joint χ^2 analysis for CKM matrix elements

We use six present experiments for the determination of the CKM matrix elements angles s_{23}, s_{13}, and δ. These are results for the matrix elements |V_{cb}| = 0.0404±0.0016 and |V_{ub}/V_{cb}| = 0.101±0.016 [16], for ϵ_K in the neutral K system, for B_d −B̄_d mixing with Δm_d = 0.476 ± 0.016 ps^{−1}, for the probability of each calculated Δm_s [17] , and sin (2β) = 0.79±0.19 from Belle, BaBar and CDF [18]. Since W_R may also contribute to b-decay, we include the contraint on V_{cb} as |V^L_{cb} |^2 + x_{LR}|V^R_{cb} |^2 = |V_{cb}|^2, where the interfering term is neglected [19]. The V_{ub} value gives a b − d unitarity triangle side of length 0.46±0.07. Since some discrepancies for new physics will be very large, our conclusions are not dependent on which choice of V_{cb} or V_{ub} experiments are used.

For making projected experimental plots for pairs of experiments (sin (2α), sin (2β)), (x_s, sin (γ)), or (x_s, sin (2ϕ_s)), we add one of these pairs as two future experiments, and assign as their errors the bin widths, which are 5% of the total range in our 20 × 20 bin coverage. For (sin (2α), sin (2β)), these errors are close to those achievable for the B factories. Counting degrees of freedom, we have for the case of st-coupling: df = 8 experiments - 3 SM angles - 2 LR angles = 3 df. For the case of dt-coupling we have: df = 8 experiments - 3 SM angles - 1 LR angles = 4 df.

We produce the maximum likehood correlation plots for (sin (2α), sin (2β)), (x_s, sin (γ)), and (x_s, sin (2ϕ_s)). For each possible bin with given values for these pairs, we search for the lowest χ^2 in the data sets of the four or five angles of V^L and V^R, depending upon which case in V^R we are dealing with. We then draw contours at a few values of χ^2 in these plots corresponding to given confidence levels [20] which match 1σ and 2σ limits.

6. CP asymmetries in B^0 decays

6.1 (sin (2α), sin (2β)) plots The first CP violating asymmetry in B → J/ψK_S decays is related to the mixing matrix element M_{12} and the decay amplitudes as follows [21],

sin (2β) ≡ − Im ( M^∗_{12} |M_{12}| A (¯ B −→ ΨK_s ) A(B −→ ΨK_s) ) . (6.1)

The second CP asymmetry is provided by the measurement of the asymmetry in B → ππ, namely [21]

sin (2α) ≡ Im ( M^∗_{12} |M_{12}| A (¯ B −→ ππ ) A(B −→ ππ) ) . (6.2)

Because of the non-SM contributions of the LRSM, the effective α and β as defined here no longer represent real angles in the unitarity triangle.

6.1.1 st-coupling Penguin diagrams, dominated by internal top-loops, also contribute to B → J/ψK_S decays in addition to the tree graphs. The phase of the W_R penguin amplitude, V^R_{tb} V^{R∗}_{ts} = cse^{i(χ−ϕ)}, has exactly the same value but opposite sign to the phase of the W_R tree amplitude, V^R_{cb} V^{R∗}_{cs} = cse^{i(σ−ξ)}, due to the unitarity condition on V^R_I : χ − ϕ = σ − ξ + π. Namely, V^R_{tb} V^{R∗}_{ts} = −V^R_{cb} V^{R∗}_{cs} . In the SM, the phase of the W_L penguin amplitude induced by an internal top-loop is also opposite to the phase of the W_L tree amplitude, since V^L_{tb} V^{L∗}_{ts} ≃ −Aλ^2 ≃ −V^L_{cb} V^{L∗}_{cs} . Consequently, recalling that x_{LR} = m^2_{WL} /m^2_{WR} , A (¯ B −→ J/ψK_S ) A(B −→ J/ψK_S) = V^L_{cb} V^{L∗}_{cs} (1 − P )/m^2_{WL} + V^R_{cb} V^{R∗}_{cs} (1 − P^′)/m^2_{WR} V^{L∗}_{cb} V^L_{cs} (1 − P )/m^2_{WL} + V^{R∗}_{cb} V^R_{cs} (1 − P^′)/m^2_{WR} = V^L_{cb} V^{L∗}_{cs} + x_{LR}V^R_{cb} V^{R∗}_{cs} V^{L∗}_{cb} V^L_{cs} + x_{LR}V^{R∗}_{cb} V^R_{cs} , (6.3)

where P and P^′ are the ratios of the W_L and W_R penguin contributions over the tree amplitudes, respectively, and the approximation [14] P ∼= P^′ ∝ α_s ln(m^2_t /m^2_c ) provides the simplification of P = P^′. This gives

sin(2β) = − Im ( M^∗_{12} |M_{12}| V^L_{cb} V^{L∗}_{cs} + x_{LR}V^R_{cb} V^{R∗}_{cs} V^{L∗}_{cb} V^L_{cs} + x_{LR}V^{R∗}_{cb} V^R_{cs} ) . (6.4)

On the other hand, no tree or penguin W_R contributions exist in B → ππ since V^R_{ub} V^{R∗}_{ud} = 0 and V^R_{tb} V^{R∗}_{td} = 0. There is a ΔI = 1/2 penguin pollution for this decay mode in the SM, but it can be removed by isospin analysis [22]. Therefore, we have

sin (2α) = Im ( M^∗_{12} |M_{12}| V^{L∗}_{ud} V^L_{ub} V^L_{ud}V^{L∗}_{ub} ) . (6.5)

Since M^{LR}_{12} ≪ M^{LL}_{12} for B_d mesons, the result is that M_{12} ≃ M^{LL}_{12} . For m_{WR} = 10 TeV, with little W_R effect, the ranges at 1σ are 0.6 ≤ sin 2(β) ≤ 0.8 and −0.4 ≤ sin (2α) ≤ 0.1. However, for m_{WR} = 1.0 TeV, the ranges are −0.5 ≤ sin (2α) ≤ 0.4 and 0.50 ≤ sin (2β) ≤ 0.95.

6.1.2 dt-coupling There are no tree or penguin contributions by W_R in B → J/ψK_S due to the fact that V^R_{cb} V^{R∗}_{cs} = 0 and V^R_{tb} V^{R∗}_{ts} = 0. Hence, one has

sin(2β) = − Im ( M^∗_{12} |M_{12}| V^L_{cb} V^{L∗}_{cs} V^{L∗}_{cb} V^L_{cs} ) . (6.6)

In the case of dt-coupling, eq. (6.5) still holds for the same reason, namely that the tree and penguin W_R contributions do not exist in this case. Figure 1 shows the (sin (2α), sin (2β)) plots for the LRSM for values of m_{WR} = 2.5, 5, 7.5 and 10 TeV, respectively, with contours at χ^2 which correspond to confidence levels for 1σ and 2σ limits. We do not include the plot for m_{WR} = 1 TeV because 1σ and 2σ contours do not appear in the graph with such a low value of m_{WR} . The contributions for m_{WR} < 7.5 TeV are very different from those in the SM since M^{LR}_{12} ≃ M^{LL}_{12} in this case. The contours at m_{WR} = 10 TeV should not be directly compared with SM fit contours, which are smaller, since the W_R has “decoupled” here along with its two angles. For the SM fits the df = 8 − 3 = 5 rather than the df = 3 used for the plots here when W_R is effective.

6.2 (x_s, sin (γ)) plots The third asymmetry angle in B meson systems is defined from B_s → D^+_s K^− decays as [23]

sin (γ) ≡ Im ( M^{Bs}_{12} | M^{Bs}_{12} | A(B_s −→ D^+_s K^−) A (¯ B_s −→ D^+_s K^− ) ) . (6.7)

The penguin contribution is absent in both B_s → D^+_s K^− and B̄_s → D^+_s K^− decays. Again, because of the LRSM contribution, γ as defined above is no longer an angle of the unitarity triangle. x_s is given here by

x_s = 1.034x_d | |M^Bs_{12} | | |M^B_{12}|

. (6.8)

6.2.1 st-coupling The contributions from W_R to both decay modes vanish since V^{R∗}_{ub} V^R_{cs} = 0 and V^R_{cb} V^{R∗}_{us} = 0. Therefore, the CP asymmetry for this decay mode can be simplified as

sin (γ) = Im

M^{Bs}_{12} |M^{Bs}_{12} | V^{L∗}_{ub} V^L_{cs} V^L_{cb} V^{L∗}_{us} | | |^{V L∗ub V Lcs} V^L_{cb} V^{L∗}_{us} | | | . (6.9)

Figure 1: The (sin (2α), sin (2β)) plots for the left-right symmetric model in the case of dtcoupling for values of (a) m_{WR} = 2.5, (b) m_{WR} = 5, (c) m_{WR} = 7.5, and (d) m_{WR} = 10 TeV. Contours are at 1σ and 2σ.

The (x_s, sin (γ)) plots of the case of st-coupling are shown in figure 2. In the SM, with the same parameters that we used, sin (γ) has a range 0.6 ≤ sin (γ) ≤ 0.9 at 1σ, but in the LRSM at low m_{WR} , sin (γ) can extend completely from −1 to 1 at 1 TeV, and from 0 to 1 at 2.5 TeV. Comparing to the range of x_s in the SM (with the parameters in this paper), which is from 20 to 40 at 1σ, x_s has a range of about 20 to 50 for m_{WR} = 2.5 TeV and greater than 100 for m_{WR} = 1.0 TeV. This is because M^{Bs}_{12} is almost double that in the SM, while M^B_{12} behaves similarly to that of the SM. This amplification is then reduced as m_{WR} ∼ 5 TeV, and finally the ratio in x_s, eq. (6.8), approaches the SM result.

Figure 2: The (x_s, sin (γ)) plots for the left-right symmetric model in the case of stcoupling for values of (a) m_{WR} = 1.0, (b) m_{WR} = 2.5, (c) m_{WR} = 5.0, and (d) m_{WR} = 10 TeV, with contours at 1σ and 2σ.

6.2.2 dt-coupling Because W_R can contribute to B̄_s → D^+_s K^−, in this case we have

sin (γ) = Im

M^{Bs}_{12} |M^{Bs}_{12} | V^{L∗}_{ub} V^L_{cs} V^L_{cb} V^{L∗}_{us} +x_{LR}V^R_{cb} V^{R∗}_{us} | |^{V L∗ub V Lcs} V^L_{cb} V^{L∗}_{us} +x_{LR}V^R_{cb} V^{R∗}_{us} | | . (6.10)

In the (x_s, sin (γ)) plot for the case of dt-coupling, x_s has about the same range as in the SM for m_{WR} ≥ 2.5 TeV.

6.3 (x_s, sin (2ϕ_s)) plots The asymmetry sin (2ϕ_s) for B_s − B̄_s mixing is given by

sin (2ϕ_s) ≡ − Im ( M^{Bs}_{12} | |M^Bs_{12} | | A (¯ b −→ c̄cs̄ ) A(b −→ cc̄s) ) , (6.11)

where ϕ_s is also the small angle in the b − s unitarity triangle in the SM. In the standard model, sin (2ϕ_s) is almost zero (≈ 0.025) in due to the fact that neither the decay process of b̄ → c̄cs̄ nor the mixing effect in B_s provides much phase to the asymmetry.

6.3.1 st-coupling Both W_L and W_R can contribute to b̄ → c̄cs̄ in this case. This implies

sin (2ϕ_s) = − Im ( M^{Bs}_{12} | |M^Bs_{12} | | V^{L∗}_{cb} V^L_{cs} + x_{LR}V^{R∗}_{cb} V^R_{cs} V^L_{cb} V^{L∗}_{cs} + x_{LR}V^R_{cb} V^{R∗}_{cs} ) . (6.12)

M_{12} ≃ M^{LL}_{12} + M^{LR}_{12} + M^{RR}_{12} ≃ M^{LL}_{12} + M^{LR}_{12} with M^{LL}_{12} ≃ M^{LR}_{12} as m_{WR} ≤ 2.5 TeV for B_s mesons. M^{LR}_{12} is dominated by the (t, t) pair as shown in eq. (4.6), and this term can provide a non-vanishing phase to the asymmetry sin (2ϕ_s). In this case, ϕ_s is no longer an angle in a unitarity triangle, although the measured asymmetry will be called sin (2ϕ_s). The (x_s, sin (2ϕ_s)) plots for the case of st-coupling are shown in figure 3. sin (2ϕ_s) can be zero or maximal at ±1 at the 1σ level for m_{WR} ≤ 2.5 TeV, and very large even for 5.0 TeV. This distinction from the small SM result at m_{WR} = 10 TeV can provide a dramatic and clean test of new physics.

6.3.2 dt-coupling There is no W_R contribution in b̄ → c̄cs̄ decays. Thus,

sin (2ϕ_s) = − Im ( M^{Bs}_{12} | M^{Bs}_{12} | V^{L∗}_{cb} V^L_{cs} V^L_{cb} V^{L∗}_{cs} ) . (6.13)

The fact that M^{LR}_{12} < 10^{−3}M^{LL}_{12} makes M_{12} ≃ M^{LL}_{12} for the B_s system. Hence, the asymmetry sin (2ϕ_s) is almost zero and the same as that in the SM [20].

6.4 (ρ, η) plots We define the (ρ, η) point from the V^L Wolfenstein form as ρ + iη = V^{L∗}_{ub} V^L_{ud} |V^{L∗}_{cb} V^L_{cd}| . (6.14)

6.4.1 st-coupling This case is explained in subsection 6.1.1, where for m_{WR} ≥ 1.0 TeV, M_{12} ≃ M^{LL}_{12} , and the plots are about the same as in the SM and are independent of m_{WR} .

Figure 3: The (x_s, sin (2ϕ_s)) plots for the B_s asymmetry sin (2ϕ_s) in the left-right symmetric model in the case of st-coupling for values of (a) m_{WR} = 1.0, (b) m_{WR} = 2.5, (c) m_{WR} = 5.0, and (d) m_{WR} = 10 TeV. Contours are at 1σ and 2σ.

6.4.2 dt-coupling Figure 4 shows the (ρ, η) plots for m_{WR} = 2.5, 5.0, 7.5 and 10.0 TeV. For the lowest value, m_{WR} = 2.5 TeV, we see in addition to the SM oval, a second oval region to the left of the SM region at 2σ.

7. Conclusions

In order to provide a reasonable lower limit for the W_R mass within the SU(2)_L × SU(2)_R × U(1) model, the right-handed quark mixing matrices can be parametrized into two forms or cases [5] as shown in eq. (2.3). We suppress the large contributions

Figure 4: The (ρ, η) plots for the left-right symmetric model in the case of dt-coupling for values of (a) m_{WR} = 2.5, (b) m_{WR} = 5, (c) m_{WR} = 7.5, and (d) m_{WR} = 10 TeV, with contours at 1σ and 2σ.

to ϵ_K from the W_L − W_R box diagram by effectively taking some parameters of V^R to vanish, as depicted in eqs. (3.7) and (3.8), so that the quite small experimental value of ϵ_K can be satisfied and W_R can give the most significant effects on CP asymmetries in B decays [14].

The LRSM can contribute importantly to B_d − B̄_d mixing in the case of dtcoupling and to B_s − B̄_s mixing in the case of st-coupling, and give new phases, for m_{WR} < 10 TeV. Hence, W_R shows its effects on (sin 2α, sin 2β) in the case of dt-coupling and on (x_s, sin γ) in the case of st-coupling, for m_{WR} < 10 TeV. The CP asymmetries in the LRSM for m_{WR} < 10 TeV that are different from those in the SM are: (i) sin (2ϕ_s) can be maximal at ±1 in the case of st-coupling; (ii) the range for x_s is from 20 to ≥ 100 at the 1σ level in the case of st-coupling; (iii) sin γ has a much larger range in the case of st-coupling; and (iv) 0.3 ≤ sin (2α) ≤ 1 in the case of dt-coupling at m_{WR} = 2.5 TeV. If the experimental results are consistent with the SM at 1σ in (sin (2α), sin (2β)) and in (x_s, sin (γ)), the LRSM cannot be ruled out, but the limit m_{WR} ≥ 10 TeV will be established. What is striking is that the asymmetry sin (2ϕ_s) for B_s − B̄_s mixing is clearly far from zero at the 1σ level even for m_{WR} ≃ 10 TeV in the case of st-coupling, as shown in figure 3. This difference from the SM can provide a clean test of new physics.

Acknowledgments

D.S. is supported in part by the U.S. Department of Energy under Contract No. DE- FG0391ER40679.

References

[1] N. Cabibbo, Unitary symmetry and leptonic decays, Phys. Rev. Lett. 10 (1963) 531;

M. Kobayashi and T. Maskawa, CP violation in the renormalizable theory of weak interaction, Prog. Theor. Phys. 49 (1973) 652.

[2] T.D. Lee and C.N. Yang, Question of parity conservation in weak interactions, Phys.

Rev. 104 (1956) 254;

C.S. Wu et al., Experimental test of parity conservation in beta decay, Phys. Rev. 105 (1957) 1413.

[3] J.C. Pati and A. Salam, Lepton number as the fourth color, Phys. Rev. D 10 (1974) 275.

[4] R.N. Mohapatra and J.C. Pati, Left-right gauge symmetry and an ‘isoconjugate’ model of CP-violation, Phys. Rev. D 11 (1975) 566; A ‘natural’ left-right symmetry, Phys. Rev. D 11 (1975) 2558 G. Senjanovic and R.N. Mohapatra, Exact left-right symmetry and spontaneous violation of parity, Phys. Rev. D 12 (1975) 1502.

[5] P. Langacker and S. Uma Sankar, Bounds on the mass of W_R and the W_L-W_R mixing angle ξ in general SU(2)_L × SU(2)_R × U(1) models, Phys. Rev. D 40 (1989) 1569.

[6] L. Wolfenstein, Parametrization of the Kobayashi-Maskawa matrix, Phys. Rev. Lett.

51 (1983) 1945.

[7] G. Beall, M. Bander and A. Soni, Constraint on the mass scale of a left-right symmetric electroweak theory from the K_L − K_S mass difference, Phys. Rev. Lett. 48 (1982) 848.

[8] F.I. Olness and M.E. Ebel, Constraints on the right W boson mass in nonmanifest left-right gauge theories, Phys. Rev. D 30 (1984) 1034.

[9] G. Barenboim, J. Bernabeu, J. Prades and M. Raidal, Constraints on the W_R mass and CP-violation in left-right models, Phys. Rev. D 55 (1997) 4213 [hep-ph/9611347]; J.M. Frere, J. Galand, A. Le Yaouanc, L. Oliver, O. Pene and J. Raynal, K^0-K̄^0 in the SU(2)_L × SU(2)_R × U(1) model of CP-violation, Phys. Rev. D 46 (1992) 337.

[10] A.J. Buras, W. Slominski and H. Steger, B meson decay, CP-violation, mixing angles and the top quark mass, Nucl. Phys. B 238 (1984) 529;

T. Inami and C. Lim, Effects of superheavy quarks and leptons in low-energy weak processes K_L → μμ̄, K^+ → π^+νν̄ and K^0 ↔ K̄^0, Prog. Theor. Phys. 65 (1981) 297.

[11] S. Herrlich and U. Nierste, Enhancement of the K_L-K_S mass difference by short distance QCD corrections beyond leading logarithms, Nucl. Phys. B 419 (1994) 292 [hep-ph/9310311]; Indirect CP violation in the neutral kaon system beyond leading logarithms, Phys. Rev. D 52 (1995) 6505 [hep-ph/9507262];

A.J. Buras, M. Jamin and P.H. Weisz, Leading and next-to-leading QCD corrections to epsilon parameter and B^0-B̄^0 mixing in the presence of a heavy top quark, Nucl. Phys. B 347 (1990) 491.

[12] G. Ecker and W. Grimus, CP-violation and left-right symmetry, Nucl. Phys. B 258 (1985) 328;

H. Nishura, E. Takasagi and M. Tanaka, Light W_R and the spontaneous CP violation, Prog. Theor. Phys. 84 (1990) 116; Light W_R and the spontaneous CP violation, 2, Prog. Theor. Phys. 85 (1991) 343.

[13] D0 collaboration, S. Abachi et al., Search for right-handed W bosons and heavy W^′ in pp̄ collisions at √ s = 1.8 TeV, Phys. Rev. Lett. 76 (1996) 3271 [hep-ex/9512007].

[14] T. Kurimoto, A. Tomita and S. Wakaizumi, W_r effects on CP angles determination at a B factory, Phys. Lett. B 381 (1996) 470 [hep-ph/9512387].

[15] C.W. Bernard et al., Lattice determination of heavy-light decay constants, Phys. Rev.

Lett. 81 (1998) 4812 [hep-ph/9806412];

A. Ali and D. London, CP-violation and quark mixing, in Proc. 3rd Workshop on Physics and Detectors for DAPHNE 3-23, Frascati, Italy 1999, hep-ph/0002167.

[16] D. Cassel, Lepton Photon 2001, http://www.lp01.infn.it/talks/cassel.pdf (2001).

[17] The LEP B Oscillations Working Group, (2001),

http://lepbosc.web.cern.ch/LEPBOSC/combined results/budapest 2001/dms W.dat.

[18] BABAR collaboration, B. Aubert et al., Observation of CP-violation in the B^0 meson system, Phys. Rev. Lett. 87 (2001) 091801 [hep-ex/0107013];

Belle collaboration, K. Abe et al., Observation of large CP-violation in the neutral

B meson system, Phys. Rev. Lett. 87 (2001) 091802 [hep-ex/0107061]; CDF collaboration, T. Affolder et al., A measurement of sin(2β) from B → J/ψK^0_s with the CDF detector, Phys. Rev. D 61 (2000) 072005 [hep-ex/9909003].

[19] M. Gronau and S. Wakaizumi, Does the B quark decay left-handedly?, Phys. Rev. Lett.

68 (1992) 1814.

[20] W.-S. Choong and D. Silverman, New phases in CP-violating B decay asymmetries from mixing to singlet down quarks, Phys. Rev. D 49 (1994) 2322.

[21] For reviews, see, for example, Y. Nir and H. Quinn in B decays, S. Stone ed., World Scientific, Singapore 1994, p. 362;

A. Dar, G. Eilam and M. Gronau, CP violation, Nucl. Phys. 38 (Proc. Suppl.) (1995) 136 [hep-ph/9410236].

[22] M. Gronau and D. London, Isospin analysis of CP asymmetries in B decays, Phys.

Rev. Lett. 65 (1990) 3381;

H.J. Lipkin, Y. Nir, H.R. Quinn and A. Snyder, Penguin trapping with isospin analysis and CP asymmetries in B decays, Phys. Rev. D 44 (1991) 1454; M. Gronau, O.F. Hernandez, D. London and J.L. Rosner, Electroweak penguins and two body B decays, Phys. Rev. D 52 (1995) 6374 [hep-ph/9504327].

[23] R. Aleksan, I. Dunietz, B. Kayser and F. Le Diberder, CP-violation using NONCP eigenstate decays of neutral B mesons, Nucl. Phys. B 361 (1991) 141; R. Aleksan, I. Dunietz and B. Kayser, Determining the CP-violating phase gamma, Z. Physik C 54 (1992) 653.