arXiv:hep-ph/0404028 v2 24 May 2004

BIHEP-TH-2004-5

Branching ratio and CP asymmetry of B_s → π^+π^− decays in the perturbative QCD approach

Ying Li^{a,b,c} Cai-Dian Lü^{a,b} ZhenJun Xiao^{a,c} Xian-Qiao Yu^b a CCAST (World Laboratory), P.O. Box 8730, Beijing 100080, China b Institute of High Energy Physics, P.O.Box 918(4), Beijing 100039, China c Physics Department, NanJing Normal University, JiangSu 210097, China

Abstract

In this paper, we calculate the decay rate and CP asymmetry of the B_s → π^+π^− decay in perturbative QCD approach with Sudakov resummation. Since none of the quarks in final states is the same as those of the initial B_s meson, this decay can occur only via annihilation diagrams in the standard model. Besides the current-current operators, the contributions from the QCD and electroweak penguin operators are also taken into account. We find that (a) the branching ratio is about 4 × 10^{−7}; (b) the penguin diagrams dominate the total contribution; and (c) the direct CP asymmetry is small in size: no more than 3%; but the mixing-induced CP asymmetry can be as large as ten percent testable in the near future LHC-b experiments.

PACS numbers: 13.25.Hw,12.38.Bx

I. INTRODUCTION

In recent years, rare B decays are attracting more and more attentions, since they provide a good opportunity for testing the Standard Model(SM), probing CP violation and searching for possible new physics beyond the SM. Since 1999, the data sample of the pair production and decays of B mesons collected by BaBar and Belle Collaborations is increased rapidly. In the future LHC-b experiments, B_s and B_C mesons can also be produced, and the rare B decays with a branching ratio around 10^{−7} can be observed. The rapid progress in current B factory experiments and the bright expectation in LHC-b experiments induced a great interest in the studies of rare decays of B meson.

The rare decay B_s → π^+π^− can occur only via annihilation diagrams in SM because none of quarks in final states is the same as those of the initial B_s meson. The usual method to treat non-leptonic decays of B meson is Factorization Approach(FA) [1], which has achieved great success in explaining many decay branching ratios [2, 3, 4]. However, this method failed in describing B_s → π^+π^− decay, because we need the π → π form factor at very large momentum transfer O(M_B). So far, little is known about the form factor at such a large momentum transfer in FA. In the QCD factorization approach [5], one cannot perform a real calculation of the annihilation diagrams, but estimating the annihilation amplitude by introducing a phenomenological parameter. In this paper, we calculate the branching ratio and CP asymmetries of B_s → π^+π^− decay by employing the perturbative QCD approach(PQCD) [6]. This method has been developed for the studies of the B meson decays [7] and successfully applied to calculate the annihilation diagrams [8, 9]. When the final states are light mesons such as pions, the perturbative QCD approach(PQCD) can be safely used because of asymptotic freedom of QCD [10].

In the next section, we give our theoretical formulas for the decay B_s → π^+π^− in PQCD framework. In section 3, we give the numerical results of the branching ratio of B_s → π^+π^− and discuss CP asymmetry of the decay.

II. PERTURBATIVE CALCULATIONS

The related effective Hamiltonian for the process B_s → π^+π^− is given by [9, 11]

H_{eff} = G_F √ 2 {V^∗_{ub}V_{us} [C_1(μ)O_1(μ) + C_2(μ)O_2(μ)] − V^∗_{tb}V_{ts} 10∑ i=3 C_i(μ)O_i(μ)}, (1) where C_i(μ)(i = 1, · · · , 10) are Wilson coefficients at the renormalization scale μ and the operators O_i(i = 1, · · · , 10) are

O_1 = (s̄_iu_j )_{V −A}(ū_j b_i)_{V −A}, O_2 = (s̄_iu_i)_{V −A}(ū_j b_j )_{V −A}, O_3 = (s̄_ib_i)_{V −A} ∑ q (q̄_jq_j )_{V −A},

O_4 = (s̄_ib_j )_{V −A} ∑ q (q̄_j q_i)_{V −A},

O_5 = (s̄_ib_i)_{V −A} ∑ q (q̄_jq_j )_{V +A},

O_6 = (s̄_ib_j )_{V −A} ∑ q (q̄_j q_i)_{V +A},

O_7 = 3 2 (s̄_ib_i)_{V −A} ∑ q e_q(q̄_j q_j )_{V +A},

O_8 = 3 2 (s̄_ib_j )_{V −A} ∑ q e_q(q̄_j q_i)_{V +A},

O_9 = 3 2 (s̄_ib_i)_{V −A} ∑ q e_q(q̄_j q_j )_{V −A},

O_{10} = 3 2 (s̄_ib_j )_{V −A} ∑ q e_q(q̄_j q_i)_{V −A}. (2)

Here i and j are SU(3) color indices, the sum over q runs over the quark field that are active at the scale μ = O(m_b), i.e., q ∈ {u, d, s, c, b}. Operators O_1, O_2 come from tree level, O_3, O_4, O_5, O_6 are QCD-Penguins operators and O_7, O_8, O_9, O_{10} come from electroweak- Penguins.

In the PQCD approach, the decay amplitude is separated into soft(Φ), hard(H), and harder(C) dynamics characterized by different scales. It is conceptually written as the following,

Amplitude ∼ ∫ d^4k_1d^4k_2d^4k_3 Tr [ C(t)Φ_B(k_1)Φ_π (k_2)Φ_π(k_3)H(k_1, k_2, k_3, t) ] , (3)

where k_i’s are momenta of light quarks included in each mesons, and Tr denotes the trace over Dirac and color indices. C(t) is Wilson coefficient which results from the radiative corrections at short distance. Φ_M is wave function which describes the hadronization of mesons. The wave functions should be universal and channel independent, we can use Φ_M which is determined by other ways. The hard part H is rather process-dependent. In the following, we start to compute the decay amplitude of B_s → π^+π^−.

Since we set B_s at rest, in the light-cone coordinates, the momentum of the B_s, π^− and π^+ are written as :

P_1 = M_B √ 2 (1, 1, 0_T ), P_2 = M_B √ 2 (1, 0, 0_T ), P_3 = M_B √ 2 (0, 1, 0_T ). (4)

Denoting the light (anti-)quark momenta in B, π^− and π^+ as k_1, k_2 and k_3, respectively, we can choose:

k_1 = (x_1p^+_1 , 0, k_{1T} ), k_2 = (x_2p^+_2 , 0, k_{2T} ), k_3 = (0, x_3p^−_3 , k_{3T} ). (5)

According to effective Hamiltonian(1), we draw the lowest order diagrams of B_s → π^+π^− in Fig.1. For the factorizable diagrams (a) and (b), we find their contributions cancel each other, which is a result of exact isospin symmetry. For the non-factorizable diagrams (c) and (d), the contribution comes from tree operator is

M^T_a = 1 √ 2N_c 64πC_F M^2_B

∫_1 0 dx_1dx_2dx_3 ∫_∞ 0 b_1db_1 b_2db_2 ϕ_B(x_1, b_1) × [ C_2(t_1)α_s(t_1) { −x_3ϕ^A_π (x_2)ϕ^A_π (x_3) − r^2(x_2 + x_3)ϕ^P_π (x_2)ϕ^P_π (x_3) + r^2(x_2 − x_3)ϕ^P_π (x_2)ϕ^T_π (x_3) + r^2(x_2 − x_3)ϕ^P_π (x_3)ϕ^T_π (x_2) − r^2(x_2 + x_3)ϕ^T_π (x_2)ϕ^T_π (x_3) } h^{(1)}_a (x_1, x_2, x_3, b_1, b_2)E_m(t_1) + C_2(t_2)α_s(t_2) { x_2ϕ^A_π (x_2)ϕ^A_π (x_3) + r^2(2 + x_2 + x_3)ϕ^P_π (x_2)ϕ^P_π (x_3) + r^2(x_2 − x_3)ϕ^P_π (x_2)ϕ^T_π (x_3) + r^2(x_2 − x_3)ϕ^T_π (x_2)ϕ^P_π (x_3)

+ r^2(−2 + x_2 + x_3)ϕ^T_π (x_2)ϕ^T_π (x_3) } h^{(2)}_a (x_1, x_2, x_3, b_1, b_2)E_m(t_2) ] , (6)

where r = m_{0π}/m_B = m^2_π/[m_B(m_u + m_d)]. C_F = 4/3 is the group factor of the SU(3)_c gauge group. The expressions of the meson distribution amplitudes ϕ_M , the Sudakov factor E_m(t_i) and the functions h^{(1,2)}a (x_1, x_2, x_3, b_1, b_2) are given in the appendix. The contribution of penguin-diagrams M^P_a can be obtained by replacing C_2(t_i)(i = 1, 2) with

a^P (t_i) = 2C_4(t_i) + 2C_6(t_i) + 1 2 C_8(t_i) + 1 2 C_{10}(t_i), (7)

in Eq.(6). The explicit expressions of QCD corrected Wilson coefficients C_2, C_4, C_6, C_8 and C_{10} as a function of scale t can be found in the Appendix of Ref.[9].

Now, the total decay amplitude for B_s → π^+π^− is given by

A = V^∗_{ub}V_{us}M^T_a − V^∗_{tb}V_{ts}M^P_a = V^∗_{ub}V_{us}M^T_a [1 + ze^{i(δ−γ)}], (8)

FIG. 1: The lowest order diagrams for B^0_s → π^+π^− decay.

where z = |V^∗_{tb}V_{ts}/V^∗_{ub}V_{us} ||M^P_a /M^T_a |, V_{ub} ≃ |V_{ub}|e^{−iγ} and δ is the relative strong phase between tree diagrams(M^T_a ) and penguin diagrams(M^P_a ). z and δ can be calculated from PQCD.

The decay width is expressed as

Γ(B^0_s → π^+π^−) =

G^2_F M^3_B 128π

|A|^2 =

G^2_F M^3_B 128π

|V^∗_{ub}V_{us} M^T_a |^2[1 + z^2 + 2z cos(δ − γ)]. (9)

Similarly, we can get the decay width for B̄^0_s → π^+π^−

Γ(B̄^0_s → π^+π^−) =

G^2_F M^3_B 128π

|Ā|^2, (10)

where Ā = V_{ub}V^∗_{us} M^T_a − V_{tb}V^∗_{ts}M^P_a = V_{ub}V^∗_{us}M^T_a [1 + ze^{i(δ+γ)}]. (11)

III. NUMERICAL EVALUATION AND SUMMARY

The following parameters have been used in our numerical calculation:

M_{Bs} = 5.37 GeV, m_{0π} = 1.4 GeV, Λ^{f =4}_{QCD} = 0.25 GeV, f_{Bs} = 236 MeV, f_π = 130 MeV, τ_B0_s = 1.46 × 10^{−12}s, |V^∗_{tb}V_{ts}| = 0.0395, |V^∗_{ub} V_{us}| = 0.0008. (12)

We leave the CKM phase angle γ as a free parameter to explore the branching ratio and CP asymmetry parameter dependence on it. In SM, the CKM phase angle is the origin of CP violation.

From Eq.(9) and (10), we get the averaged decay width for B^0_s (B̄^0_s ) → π^+π^−

Γ(B^0_s (B̄^0_s ) → π^+π^−) =

G^2_F M^3_B 128π

(|A|^2/2 + |Ā|^2/2) = G^2_F M^3_B 128π

|V^∗_{ub}V_{us}M^T_a |^2[1 + 2z cos γ cos δ + z^2]. (13)

Using the above parameters, we get z = 13.4 and δ = 168^∘ in PQCD. Eq.(13) is a function of CKM angle γ. In Fig. 2, we plot the averaged branching ratio of the decay B^0_s (B̄^0_s ) → π^+π^− with respect to the parameter γ. From Fig. 2, we can see that [18]:

Br(B^0_s (B̄^0_s ) → π^+π^−) = (4.2 ± 0.6) × 10^{−7}, (14)

for 0 < γ < π. The number z = |V^∗_{tb}V_{ts}/V^∗_{ub}V_{us} ||M^P_a /M^T_a | = 13.4 means the amplitude of penguin diagrams is about 13.4 times more than that of tree diagrams. Therefore almost all the contribution comes from penguin diagrams in this decay and the branching ratio is not sensitive to γ.

In Ref.[17], Beneke et al have estimated the branching ratio for B_s → π^+π^− in QCD Factorization approach. In order to avoid the endpoint singularities, they introduced parameters to replace the divergent integral. In this approach, they estimated that the branching ratio of this decay is (0.24 − 1.55) × 10^{−7} with those phenomenological parameters. In our work, the calculation has no endpoint singularity because of k_T [6]. Our predicted result is larger than their simple estimation, which can be tested by the experiments.

For the experimental side, we notice that there is only upper limit of the decay B^0_s → π^+π^− given at 90% confidence level [12]

Br(B^0_s → π^+π^−) < 1.4 × 10^{−4}. (15)

Obviously, our predicted result is still far from this upper limit.

In SM, CP violation comes from interference between amplitudes with different CP eigenvalues. The strong interaction eigenstates B^0_s and B̄^0_s can mix through weak interaction, i.e. B^0_s -B̄^0_s oscillation. By experimental observation we can know whether CP is conserved. For the B^0_s -B̄^0_s system, the CP asymmetry is time dependent [3, 13]:

A_{CP} (t) ≃ A^{dir}_{CP} cos(Δmt) + a_{ϵ+ϵ}′ sin(Δmt), (16)

FIG. 2: The CP-averaged branching ratio of B^0_s (B̄_s) → π^+π^− decay as a function of CKM angle γ. where Δm is the mass difference of the two mass eigenstates of B_s mesons. A^{dir}_{CP} is the direct CP violation parameter while a_{ϵ+ϵ}′ is the mixing-related CP violation parameter. The direct CP violation parameter is defined as A^{dir}_{CP} = Γ(B^0_s → π^+π^−) − Γ(B̄^0_s → π^+π^−) Γ(B^0_s → π^+π^−) + Γ(B̄^0_s → π^+π^−) = 2z sin γ sin δ 1 + 2z cos γ cos δ + z^2

. (17)

Using Eq.(9) and (10), we can compute the parameter A^{dir}_{CP} . The direct CP asymmetry A^{dir}_{CP} has a strong dependence on the CKM angle, as can be seen easily from Eq.(17) and Fig. 3. From this figure one can see that when the CKM angle γ is around π/2 the direct CP asymmetry reaches its peak, which is about 3%. The small direct CP asymmetry is also a result of small tree level contribution.

The mixing-related CP violation parameter in Eq.(16) is defined as [9] a_{ϵ+ϵ}′ = −2Im(λ_{CP} ) 1 + |λ_{CP} |^2

, (18)

where λ_{CP} = V^∗_{tb}V_{ts}⟨f|H_{ef f} |B̄^0_s ⟩ V_{tb}V^∗_{ts}⟨f|H_{ef f} |B^0_s ⟩ . (19)

In Fig. 4, we study the mixing CP violation parameter a_{ϵ+ϵ}′ of the decay B_s → π^+π^− as a function of CKM angle γ, just like the case of direct CP violation, it is almost symmetric

FIG. 3: Direct CP violation parameters of B_s → π^+π^− decay as a function of CKM angle γ.

and the symmetry axis is near γ = π/2. its peak is close to −14.5%. The possible large CP asymmetry might be observed at LHCb experiment in the future, this would help us to determine the value of CKM angle γ.

In conclusion, we study the branching ratio and CP asymmetry of the decay B^0_s (B̄^0_s ) → π^+π^− in PQCD, we find that the branching ratio is at the order of 10^{−7} and there are large CP asymmetries in the process, which may be measured in the future LHC-b experiments and BTeV experiment at Fermilab. This small branching ratio, predicted in the SM, make it sensitive to possible new physics contribution.

Acknowledgments

This work is partly supported by National Science Foundation of China under Grant (No. 90103013, 10135060 and 10275035). Y.Li thanks M-Z Yang for useful discussions.

FIG. 4: Mixing-related CP violation parameter a_{ϵ+ϵ}′ of B^0_s (B̄_s) → π^+π^− decay as a function of CKM angle γ.

APPENDIX A: SOME FORMULAS USED IN THE TEXT

For B_s meson wave function, we use the same wave function as B meson [9, 14], despite the possible SU(3) breaking effect

ϕ_{Bs} (x, b) = N_{Bs} x^2(1 − x)^2 exp [ − M^2_{Bs} x^2 2ω^2_b − 1 2 (ω_bb)^2 ] . (A1)

The parameter ω_b = 0.4 GeV, is constrained by other charmless B decays [9, 14]. And N_{Bs} = 114.0GeV is the normalization constant using f_{Bs} = 236MeV.

The π meson’s distribution amplitudes are given by light cone QCD sum rules [15]:

ϕ^A_π (x) = 3f_π √ 2N_c x(1 − x) { 1 + 0.44C^{3/2}_2 (t) + 0.25C^{3/2}_4 (t) } , ϕ^P_π (x) = f_π 2 √ 2N_c { 1 + 0.43C^{1/2}_2 (t) + 0.09C^{1/2}_4 (t) } , ϕ^T_π (x) = f_π 2 √ 2N_c (1 − 2x) { 1 + 0.55(10x^2 − 10x + 1) } , (A2)

where t = 1 − 2x. The Gegenbauer polynomials are defined by:

C^{1/2}_2 (t) = 1 2 (3t^2 − 1), C^{1/2}_4 (t) = 1 8 (35t^4 − 30t^2 + 3),

C^{3/2}_2 (t) = 3 2 (5t^2 − 1), C^{3/2}_4 (t) = 15 8 (21t^4 − 14t^2 + 1). (A3)

Since the hard part is calculated only to leading order of α_s, we use the one loop expression for the strong running coupling constant in our numerical analysis,

α_s(μ) = 4π β_0ln(μ^2/Λ^2)

, (A4)

where β_0 = (33 − 2n_f )/3 and n_f is the number of active quark flavor at the appropriate scale μ. Λ is the QCD scale, we set Λ = 250MeV at n_f = 4.

The function E_m(t_i) in Eq.(6) are defined by E_m(t_i) = e^{−SB (ti)−Sπ+ (ti)−Sπ− (ti)}, (A5) where S_B, S_π+ , S_π− result from summing both double logarithms due to infrared gluon corrections and single ones caused by the renormalization of ultra-violet divergence. They are defined as:

S_B(t) = s(x_1P^+_1 , b_1) + 2 ∫_t 1/b_1 dμ̄ μ̄ γ(α_s(μ̄)), (A6)

S_π− (t) = s(x_2P^+_2 , b_2) + s((1 − x_2)P^+_2 , b_2) + 2 ∫_t 1/b_2 dμ̄ μ̄ γ(α_s(μ̄)) (A7)

S_π+ (t) = s(x_3P^−_3 , b_3) + s((1 − x_3)P^−_3 , b_3) + 2 ∫_t 1/b_3 dμ̄ μ̄ γ(α_s(μ̄)), (A8)

where s(Q, b) called Sudakov factor is given as [16] s(Q, b) = ∫_Q 1/b dμ μ [ ln ( Q μ ) A(α(μ̄)) + B(α_s(μ̄)) ] (A9)

with A = C_F α_s π + [ 67 9 − π^2 3 − 10 27 n_f + 2 3 β_0 ln ( e^{γE} 2 )] ( α_s π )_2 , (A10) B = 2 3 α_s π ln ( e^{2γE −1} 2 ) (A11)

here γ_E is the Euler constant, n_f is the active flavor number.

The functions h^{(1)}_a , and h^{(2)}_a in Eq.(6) come from the Fourier transformation of propagators of virtual quark and gluon. They are defined by

h^{(j)}_a (x_1, x_2, x_3, b_1, b_2) = { πi 2 H^{(1)}_0 (M_B √ x_2x_3 b_1)J_0(M_B √ x_2x_3 b_2)θ(b_1 − b_2)

+ (b_1 ↔ b_2) } × K_0(M_BF_{(j)}b_1), for F^2_{(j)} > 0 πi 2 H^{(1)}_0 (M_B √ |F^2_{(j)}| b_1), for F^2_{(j)} < 0

, (A12) where H^{(1)}_0 (z) = J_0(z) + i Y_0(z), and F_{(j)}s are defined by

F^2_{(1)} = x_1x_3 − x_2x_3, F^2_{(2)} = x_1 + x_2 + x_3 − x_1x_3 − x_2x_3. (A13)

The hard scale t_i(i = 1, 2) in Eq.(6) are taken as the largest energy scale in the H to kill the large logarithmic radiative corrections:

t_i = max(M_B √ |F^2_{(i)}|, M_B √ x_2x_3, 1/b_1, 1/b_2) (i = 1, 2). (A14)

[1] M. Wirbel, B, Stech, M. Bauer, Z. Phys. C29, 637 (1985);

M. Bauer, B, Stech, M. Wirbel, Z. Phys. C34, 103 (1987);

L.-L. Chau, H.-Y. Cheng, W.K. Sze, H. Yao, B. Tseng, Phys. Rev. D43, 2176 (1991), Erratum: D58, 019902 (1998).

[2] A. Ali, G. Kramer and C.D. Lü, Phys. Rev. D 58, 094009 (1998);

C.D. Lü, Nucl. Phys. Proc. Suppl. 74, 227 (1999). [3] A.Ali, G.Kramer and C.D.Lü, Phys.Rev.D 59, 014005 (1999).

[4] Y.-H. Chen, H.-Y. Cheng, B. Tseng, K.-C. Yang, Phys. Rev. D60, 094014 (1999); H.-Y.

Cheng, K.-C. Yang, Phys. Rev. D62, 054029 (2000).

[5] M. Beneke, G. Buchalla, M. Neubert, and C.T. Schrajda, Phys. Rev. Lett. 83, 1914 (1999);

Nucl. Phys. B591, 313 (2000).

[6] H.-n. Li and H. L. Yu, Phys. Rev. Lett.74, 4388 (1995); Phys. Lett. B353, 301 (1995); H.-n.

Li, ibid. 348, 597 (1995); H. n. Li and H.L. Yu, Phys. Rev. D53, 2480 (1996). [7] G.P. Lepage and S.J. Brodsky, Phys. Rev. D22, 2157(1980); J. Botts and G. Sterman, Nucl.

Phys. B225, 62(1989).

[8] C.-D. Lü and K. Ukai, Eur. Phys. J. C28, 305 (2003); C.-D. Lü, Eur. Phys. J. C24, 121 (2002); Y.Li and C.D. Lü, J.Phys.G29, 2115-2123; Y.Li and C.D. Lü, HEP & NP 27, 1062- 1066; Y.Li, C.D. Lü and Z-J Xiao, hep-ph/0308243. C.-D. Lü, M.-Z. Yang, Eur. Phys. J. C23, 275 (2002).

[9] C.-D. Lü, K. Ukai, M.-Z. Yang, Phys. Rev. D63, 074009(2001).

[10] D. Gross and F. Wilczek, Phys. Rev. Lett. 30, 1343 (1973); Phys. Rev. D. 8, 3633 (1973);

H.D. Politzer, Phys. Rev. Lett. 30, 1346 (1973); Phys. Rep. 14C, 129 (1974). [11] G. Buchalla, A. J. Buras, and M. E. Lautenbacher, Rev. Mod. Phys. 68, 1125 (1996).

[12] K. Hagiwara et al., Phys. Rev. D66, 010001 (2002).

[13] G. Kramer, W.F. Palmer and Y.L. Wu, Commun. Theor. Phys.27, 457(1997); C.D. Lü , invited talk at “3rd International Conference on B Physics and CP Violation(BCONF99)”, Taipei, Taiwan, 1999, hep-ph/0001321.

[14] Y.-Y. Keum, H.-n. Li, A.I. Sanda, Phys. Lett. B504, 6 (2001); Phys. Rev. D63, 054008 (2001).

[15] V.M. Braun, I.E. Filyanov, Z. Phys. C48, 239 (1990); P. Ball, J. High Energy Physics, 01, 010 (1999).

[16] H.-n. Li, K. Ukai, Phys. Lett. B555, 197 (2003). [17] M. Beneke and M. Neubert , Nucl. Phys. B 675, 333 (2003).

[18] Note that other parameters such as m_{0π} and meson wave functions can also lead to some uncertainties, their effects are already discussed in previous works [8].