arXiv:hep-ph/0208006 v1 1 Aug 2002

ADP-02-76/T515

Cabibbo-suppressed non-leptonic decays of Λ_c and final state interaction

Shao-Long Chen^{1,2}, Xin-Heng Guo^4, Xue-Qian Li^{1,2,3} and Guo-Li Wang^{1,2,3}

1. CCAST (World Laboratory), P.O.Box 8730, Beijing 100080, China, 2. Department of Physics, Nankai University, Tianjin, 300071, China.

3. Institute of Theoretical Physics, Academia Sinica, Beijing 100080, China. 4. Department of Physics and Mathematical Physics, and Special Research Center for the Subatomic Structure of Matter, Adelaide University, SA 5005, Australia

Abstract With the diquark structure of Λ_c, we investigate the branching ratios of Λ_c → nπ^+ and pπ^0. The results show that without considering the final state interaction (FSI), the branching ration of Λ_c → pπ^+ is only of order 10^{−6} whereas taking into account the FSI effects, this ratio could reach 10^{−4} and is at the same order as Λ_c → nπ^0. Concrete values depend on phenomenological parameters adopted in the calculations. These branching ratios can be measured in the experiments to come.

PACS numbers: 14.20.Lq, 13.30.-a, 12.39.Hg, 12.39.-x

I. Introduction

In the recent years, there are remarkable progresses in heavy flavor physics for both

theoretical framework and applications. As long as heavy flavors are involved in the

concerned physical processes, due to an extra symmetry SU(2)_f ⊗ SU(2)_s, calculations

become simpler and more reliable, and the physics picture is clearer as well [1]. Based

on the understanding, the heavy quark effective theory (HQET) has been established [2]

and applied to investigate the physical processes. In the HQET, at the leading order of

1/m_Q expansion, the non-perturbative QCD effects are attributed into one form factor, i.e. the Isgur-Wise function. With it, one can make predictions and extract significant information from data, such as the CKM entries.

Heavy-meson related processes have attracted intensive interests because a great amount of data about B and D have been accumulated so far. By contrary, the processes of heavy baryons have not received as much attention as for mesons. The reason is two-fold. First, there are not sufficient amount of data on heavy baryons available yet. Secondly, one has to deal with a three-body problem theoretically which is much more complicated than the meson case. On the other side, there are many unsolved problems for baryons, for example, the lifetime of Λ_b is 27% shorter than that of B-meson, and it indicates the shortcoming of the spectator scenario [3].

The diquark picture was proposed a long time ago and it has been applied to study many processes involving baryons [4]. Obviously, for a baryon containing two heavy and one light quarks, the two heavy quarks constitute a diquark which serves as a color-field source for the light flavor[5]. Instead, for the one-heavy and two-light quark structure, it is suggested that the two light quarks can also form a light diquark.

In this work we are going to employ the diqaurk picture to study the Cabibbosuppressed Λ_c decays. The reason for doing such calculations is that in the near future there will be a great amount of data on Λ_c decays available and probably, higher statistics for the rare decay modes will also be achieved, so we can use the data to testify our theory. Moreover, in these decays the final state interaction (FSI), which is also a very important subject, is more important than that in the case of Λ_b. In this work, we will investigate how much the FSI effects could change the branching ratios.

We will mainly use the factorization ansatz which is not accurate for meson decays, as many authors pointed out [6, 7, 8]. Even though the non-factorizable effects which are proportional to the color-octet currents may bring up some errors for the theoretical predictions, later we will show that they do not affect our qualitative conclusion. Besides, there are some uncertainties coming from other approximations and all of them are due to lack of sufficient knowledge on the non-perturbative QCD.

All the weak effective vertices employed in this work are standard [9]. Then we can calculate the weak transition in a straightforward way up to the hadronic matrix elements. To evaluate the hadronic matrix elements, one needs to invoke models, because they are fully governed by the non-perturbative QCD. Since we are dealing with transitions from Λ_c to lighter baryons Λ, p, n, etc., we cannot simply use the Isgur-Wise function which applies only to the transitions between heavy flavors. In terms of the diqaurk picture, we employ the wave-functions of baryons which are presented in literature to carry out calculations of the corresponding hadronic matrix elements. They finally are attributed into two independent form factors.

Another important issue is the FSI effects which may bring up dramatic changes to the predicted branching ratios. As well known in the meson case, FSI plays a remarkable role and sometimes is almost crucial [10]. Thus one can believe that in the baryon case, FSI may also be significant. In fact, our numerical results show that without considering FSI, the branching ratio of Λ_c → pπ^0 is only of order 10^{−6}. However, Λ_c → pπ^0 can be realized via Λ_c → ΛK(K^∗) → pπ^0 or Λ_c → nπ^+(ρ^+) → pπ^0 inelastic final scattering, and the resultant branching ratio could reach order of 10^{−4}. The results can be tested in the future experiments.

Obviously our calculations depend on some phenomenological ansatz and certain parameters, but all what we adopt in this work have been widely used in literature and most of them have been tested by experiments to some extent, hence they are somewhat trustworthy or at least reasonable. Definitely, our results depend on the chosen parameters, but not very sensitively. In other words we do not fine-tune the numbers, therefore one can trust the order of magnitude of the results.

The work is organized as follows. After the introduction, we present our formulation and meanwhile very briefly review some necessary knowledge. In Sec.III, we give our numerical results as well as the adopted parameters and the last section is devoted to our conclusion and discussion.

II. Formulation

The weak effective hamiltonian is written as (for c → q transition) [9, 12] H_{ef f} = G_F √ 2 6∑ i=1 V^i_{CKM} c_i(μ)O_i, (1) where c_i (i = 1, ..., 6) are the QCD modified Wilson coefficients and the operators O_i have the following expressions:

O_1 = ū_αγ_μ(1 − γ_5)q_βq̄_βγ^μ(1 − γ_5)c_α, O_2 = ūγ_μ(1 − γ_5)qq̄γ^μ(1 − γ_5)c, O_3 = ūγ_μ(1 − γ_5)c ∑ q^′ q̄^′γ^μ(1 − γ_5)q^′, O_4 = ū_αγ_μ(1 − γ_5)c_β ∑ q^′ q̄^′_βγ^μ(1 − γ_5)q^′_α,

O_5 = ūγ_μ(1 − γ_5)c ∑ q^′ q̄^′γ^μ(1 + γ_5)q^′, O_6 = ū_αγ_μ(1 − γ_5)c_β ∑ q^′ q̄^′_βγ^μ(1 + γ_5)q^′_α, (2) where α and β are color indices, and q^′ = u, d, s. In the Hamiltonian we have omitted the operators associated with electroweak penguin diagrams.

The corresponding transition matrix elements are < f|H_{ef f} |i >= G_F √ 2 6∑ i=1 V^i_{CKM} c_i(μ) < f|O_i|i > . (3)

In the limit m_c → ∞, the baryonic transition matrix element for Λ_c → f can be formed as < f(p_f )|q̄γ_μ(1 − γ_5)c|Λ_c(v) >= U_f (p_f )[F_1(v · p_f ) + /vF_2(v · p_f )]γ_μ(1 − γ_5)U_{Λc} (v), (4)

where v is the four-velocity of Λ_c, q = u, d, s, and U_f and U_{Λc} are Dirac spinors for f and Λ_c, respectively. The two form factors F_1 and F_2 must be evaluated in concrete models.

To calculate the transition amplitude, it is usually assumed that the process only occurs at the heavy quark arm while the light flavor quark (diqaurk) stands as a spectator. Recent research points out that the non-spectator contributions may be important[3] for evaluating the lifetimes of B and D mesons. However, following literature, in the exclusive processes, the spectator seems to be fully dominant and it is reasonable to believe that the evaluation is sufficiently accurate if only the spectator contribution is taken into account.

In the quark-diquark picture, the two-body baryonic wavefunction can be written as [13] ψ_i(x_1, k_⊥) = N_ix_1x^3_2exp[−b^2(k^2_⊥ + m^2_i (x_1 − x_{0i})^2)]. (5) where i = Λ_c, n, p or Λ, x_1, x_2(x_2 = 1 − x_1) are the longitudinal momentum components of the quark and diqaurk, k_⊥ is the transverse momentum of the constituents, and N_i is a normalization factor.

The two form factors F_1 and F_2 in eq.(4) are related to an overlapping integral of the wavefunctions of Λ_c and the produced baryon [13]:

F_1 =

2E_f + m_f + m_q

2(E_f + m_q) C_sI(ω), F_2 = m_q − m_f 2(E_f + m_q) C_sI(ω). (6) where I(ω) is the overlapping integral of the wavefunctions of Λ_c and f I(ω) = ( 2 ω + 1 )_{7/4} y^{−9/2}[A_f K_6( √ 2bϵ)]^{−1/2}exp ( −2b^2ϵ^2 ω − 1 ω + 1 ) × ∫_{y−} 2bϵ_{√ω+1} −^{2bϵ√}_{ω+1} dz exp(−z^2) ( y − 2bϵ √ ω + 1 − z ) ( z + 2bϵ √ ω + 1

)_6

, (7)

where y = bm_f √ ω + 1, ω is the velocity transfer and ω = v · p_f /m_f . A_f and K_6 are defined as

A_f =

∫_1 0 dx x^6(1 − x)^2exp[−2b^2m^2_f (x − ϵ/m_f )^2], K_6( √ 2bϵ) = ∫_∞ − √ 2bϵ dx exp(−x^2)(x + √ 2bϵ)^6. (8)

It is noted that here the limit m_c → ∞ is taken. In general, according to the Lorentz structure the transition matrix element of B_i(p_i) → B_f (p_f ) is decomposed into the form

⟨B_f (p_f )|V_μ − A_μ|B_i(p_i)⟩ = Ū_f (p_f )[f_1(q^2)γ_μ + if_2(q^2)σ_{μν} q^ν + f_3(q^2)q_μ −(g_1(q^2)γ_μ + ig_2(q^2)σ_{μν} q^ν + g_3(q^2)q_μ)γ_5]U_i(p_i), (9)

where q = p_i − p_f . Comparing eqs. (4) and (9) we have relations

f_1(q^2) = g_1(q^2) = F_1(q^2) + m_f m_i F_2(q^2), (10)

f_2(q^2) = g_2(q^2) = f_3(q^2) = g_3(q^2) = 1 m_i F_2(q^2). (11) Finally we reach the following formula:

⟨B_f (p_f )|V_μ − A_μ|B_i(p_i)⟩ = Ū_f [a_1γ_μγ_5 + a_2(p_i)_μγ_5 + b_1γ_μ + b_2(p_i)_μ]U_i, (12) where

a_1 = −[F_1(q^2) + F_2(q^2)], a_2 = −2F_2(q^2)/m_i;

b_1 = [F_1(q^2) − F_2(q^2)], b_2 = 2F_2(q^2)/m_i. (13)

The process Λ_c → pπ^0 is Cabibbo-suppressed and the reaction corresponds to the so-called inner emission which is a color-suppressed process [11]. In terms of the weak effective hamiltonian we obtain

M(Λ_c → pπ^0) = − G_F √ 2 V_{ub}V^∗_{cb} [ (1 + 1 N_c )(c_3 + c_4)⟨π^0|ūγ^μ(1 − γ_5)u|0⟩⟨p|ūγ_μ(1 − γ_5)c|Λ_c⟩

+(c_5 + c_6 N_c )⟨π^0|ūγ^μ(1 + γ_5)u|0⟩⟨p|ūγ_μ(1 − γ_5)c|Λ_c⟩ −2( c_5 N_c + c_6)⟨π^0|ū(1 + γ_5)u|0⟩⟨p|ū(1 − γ_5)c|Λ_c⟩ ]

+ G_F √ 2 V_{ud}V^∗_{cd}(c_1 + c_2 N_c )⟨π^0|d̄γ^μ(1 − γ_5)d|0⟩⟨p|ūγ_μ(1 − γ_5)c|Λ_c⟩ − G_F √ 2 V_{ub}V^∗_{cb} [ (c_3 + c_4 N_c )⟨π^0|d̄γ^μ(1 − γ_5)d|0⟩⟨p|ūγ_μ(1 − γ_5)c|Λ_c⟩ +(c_5 + c_6 N_c )⟨π^0|d̄γ^μ(1 + γ_5)d|0⟩⟨p|ūγ_μ(1 − γ_5)c|Λ_c⟩ ] , (14)

where N_c is the effective number of color which includes non-factorizable effects. After some simple manipulations, it is recast as

M(Λ_c → pπ^0) = − G_F √ 2 [ V_{ud}V^∗_{cd}(c_1 + c_2 N_c ) + V_{ub}V^∗_{cb}( c_3 N_c + c_4) ] if_π √ 2 Ū_p(A^′ + B^′γ_5)U_{Λc} + √ 2G_F V_{ub}V^∗_{cb}( c_5 N_c + c_6)(− if_π 2 √ 2 ) Ū_p(A^{′′} + B^{′′}γ_5)U_{Λc}

= i Ū_p(A + Bγ_5)U_{Λc} , (15)

where A = − G_F 2 f_π {[ V_{ud}V^∗_{cd}(c_1 + c_2 N_c ) + V_{ub}V^∗_{cb}( c_3 N_c + c_4) ] A^′ + V_{ub}V^∗_{cb}( c_5 N_c + c_6) A^{′′} } , B = − G_F 2 f_π {[ V_{ud}V^∗_{cd}(c_1 + c_2 N_c ) + V_{ub}V^∗_{cb}( c_3 N_c + c_4) ] B^′ + V_{ub}V^∗_{cb}( c_5 N_c + c_6) B^{′′} } , A^{′′} = m^2_π m_u(m_c − m_u) A^′ , B^{′′} = − m^2_π m_u(m_c + m_u) B^′,

A^′ = b_1(m_{Λc} − m_p) + b_2 m^2_{Λc} + m^2_π − m^2_p 2 , B^′ = −a_1(m_{Λc} + m_p) + a_2 m^2_{Λc} + m^2_π − m^2_p 2 , a_1 = −[F_1(m^2_π) + F_2(m^2_π)], a_2 = −2F_2(m^2_π)/m_{Λc} ,

b_1 = [F_1(m^2_π) − F_2(m^2_π)], b_2 = 2F_2(m^2_π)/m_{Λc} . (16)

The expressions for Λ_c → nπ^+(ρ^+) are similar to that for Λ_c → pπ^0, so we omit the details and show the result directly,

M(Λ_c → nπ^+) = i Ū_n(A + Bγ_5)U_{Λc} , (17)

here A, B take values as follows A = G_F √ 2 [V_{ud}V^∗_{cd}( c_1 N_c + c_2) − V_{ub}V^∗_{cb}( c_3 N_c + c_4)]f_πA^′ −V_{ub}V^∗_{cb}( c_5 N_c + c_6) √ 2G_F f_π m^2_π (m_u + m_d)(m_c − m_d) A^′, B = G_F √ 2 [V_{ud}V^∗_{cd}( c_1 N_c + c_2) − V_{ub}V^∗_{cb}( c_3 N_c + c_4)]f_πB^′ +V_{ub}V^∗_{cb}( c_5 N_c + c_6) √ 2G_F f_π m^2_π (m_u + m_d)(m_c + m_d)

B^′, (18)

where A^′ and B^′ have the same forms as those in eq.(16) with m_p being replaced by m_n. In the same way, we have

M(Λ_c → nρ^+) = G_F √ 2 [V_{ud}V^∗_{cd}( c_1 N_c + c_2) − V_{ub}V^∗_{cb}( c_3 N_c + c_4)]⟨ρ^+|ūγ^μd|0⟩⟨n|d̄γ_μ(1 − γ_5)c|Λ_c⟩. (19) Finally,

M(Λ_c → nρ^+) = Ū_nϵ^{∗μ}_ρ [ A_1γ_μγ_5 + A_2(p_{Λc} )_μγ_5 + B_1γ_μ + B_2(p_{Λc} )_μ ] U_{Λc} , (20)

where A_i = a_iη, B_i = b_iη (i=1, 2), and η = G_F √ 2 [V_{ud}V^∗_{cd}( c_1 N_c + c_2) − V_{ub}V^∗_{cb}( c_3 N_c + c_4)]f_ρm_ρ. (21)

For Λ_c → ΛK^+(K^{+∗}), the formulas are in analog to those given above. We have

M(Λ_c → ΛK^+) = G_F √ 2 [V_{us}V^∗_{cs}( c_1 N_c + c_2) − V_{ub}V^∗_{cb}( c_3 N_c + c_4)]if_KŪ_Λ(A^′ + B^′γ_5)U_{Λc} −V_{ub}V^∗_{cb}( c_5 N_c + c_6) i √ 2G_F f_K m^2_K (m_u + m_s)(m^2_c − m^2_s)

Ū_Λ [ (m_c + m_s)A^′ − (m_c − m_s)B^′γ_5 ] U_{Λc} = i Ū_Λ(A + Bγ_5)U_{Λc} , (22)

where A, B are given by A = G_F √ 2 [V_{us}V^∗_{cs} ( c_1 N_c + c_2) − V_{ub}V^∗_{cb}(

C_3 N_c + c_4)]f_KA^′, −V_{ub}V^∗_{cb}( c_5 N_c + c_6) √ 2G_F f_K m^2_K (m_u + m_s)(m_c − m_s) A^′, B = G_F √ 2 [V_{us}V^∗_{cs} ( c_1 N_c + c_2) − V_{ub}V^∗_{cb}(

C_3 N_c + c_4)]f_KB^′ +V_{ub}V^∗_{cb}( c_5 N_c + c_6) √ 2G_F f_K m^2_K (m_u + m_s)(m_c + m_s)

B^′, (23)

with

A^′ = b_1(m_{Λc} − m_Λ) + b_2(p_K · p_{Λc} ) = b_1(m_{Λc} − m_Λ) + b_2 m^2_{Λc} + m^2_K − m^2_Λ , B^′ = a_1(−m_{Λc} − m_Λ) + a_2(p_K · p_{Λc} ) = −a_1(m_{Λc} + m_Λ) + a_2 m^2_{Λc} + m^2_K − m^2_Λ 2 .(24)

For Λ_c → ΛK^{∗+}, we have

M(Λ_c → ΛK^{∗+}) = Ū_Λϵ^{∗μ}_K∗ [ A_1γ_μγ_5 + A_2(p_{Λc} )_μγ_5 + B_1γ_μ + B_2(p_{Λc} )_μ ] U_{Λc} , (25)

where A_i = a_iη̃ and B_i = b_iη̃ (i=1, 2), and

η̃ = G_F √ 2 [V_{us}V^∗_{cs}( c_1 N_c + c_2) − V_{ub}V^∗_{cb}( c_3 N_c + c_4)]f_K∗ m_K∗ . (26)

With all the amplitudes, we can immediately obtain the decay widths and corresponding branching ratios if there were no final state interaction. But in fact, the FSI effects can drastically change the results. In the following, we will present the formulas for the FSI effects.

Λ_c

π^+ n ρ^+ p

π^0 (a)

Λ_c

ρ^+ n π^− p

π^0 (b)

Λ_c

K^+

Λ K^{∗−} p

π^0 (c)

Λ_c K^{∗+}

Λ K^− p

π^0 (d)

Fig.1 The Final State Interaction for Λ_c → pπ^0

Since the final state interactions may change the whole picture for some processes, one needs to take into account these effects seriously. Unfortunately, the FSI processes are governed by non-perturbative QCD, so we cannot simply start from any underlying theory to carry out the computations yet. One could extract valuable information from data. Theoretically, we may also use some phenomenological approaches to study the order of magnitude of the FSI effects.

There are several ways to evaluate the FSI. A usually adopted method is the oneparticle exchange model [14] and another one is that in which the produced primary particles of the decay scatter into the final products via exchanging the Regge poles [15]. The first method is straightforward and simple, and we employ it in this work.

In this method, the effective vertices can be obtained from the chiral Lagrangian [16]. The coefficients in the chiral Lagrangian are obtained directly from data where all external particles are on their mass shells. Instead, for our case the exchanged mesons or baryons are obviously off mass shell. To compensate the off-shell effects, one needs to introduce a form factor at the effective vertices [17].

The Feynman diagrams for the FSI are shown in Fig.1.

In fact, there are some u-channel diagrams, namely in Fig.1, p and π^0 may exchange positions and the intermediate bosons ρ(K^∗) or π(K) are replaced by baryons p or Λ. But a direct calculation indicates that the u-channel contributions are only at most 10^{−3} ∼ 10^{−2} of the t-channel, so we omit the u-channel part in later calculations for simplicity.

Moreover, the direct decay of Λ_c → pπ^0 is color suppressed compared to Λ_c → nπ^+ etc., and hence has smaller amplitudes. Thus we only consider Λ_c → nπ^+, nρ^+, ΛK^+, ΛK^{+∗} → pπ^0, but not the opposite directions.

For Λ_c → pπ^0, the amplitude with final state interactions can be written as A^{F SI}_{nπ}+_{→pπ}0 = 1 2 ∫ d^3p_1 (2π)^32E_1 d^3p_2 (2π)^32E_2

(2π)^4δ^4(p_1 + p_2 − p_{Λc} ) ·A(Λ_c → nπ^+)⟨nπ^+|S|pπ^0⟩, (27) where for clarity, we set p_1 = p_n, p_2 = p_π+ , p_3 = p_p and p_4 = p_π0 . In terms of the Cutkosky cutting rule[18], we can easily calculate the inelastic scattering amplitude.

The effective ρNN has the following form [22]: L_{ρN N} = g_{ρN N} ϵ^μ_ρN̄ ( γ_μ + κ_ρ iσ_{μν} q^ν 2m_N ) N. (28)

With this vertex, we have A^{F SI}_{nπ}+_{→pπ}0 = 1 2 ∫ d^4p_1 (2π)^2 δ(p^2_1 − m^2)δ(p^2_1 − m^2) iF (k^2)g_{ρN N} g_{ρππ} k^2 − m^2_ρ

Ū_p(p_3)ϵ^μ_ρ ( γ_μ + κ_ρ iσ_{μν} q^ν 2m_N ) ·ϵ^{∗α}_ρ (p_2 + p_4)_α(/p_1 + m_1)i(A + Bγ_5)U_{Λc} (p_{Λc} ). (29)

Here F (k^2) is a form factor[20, 21]. In fact, the effective couplings at the vertices are obtained from real processes where all particles are on mass shell, but in our case, at least one of the particles (the exchanged ρ meson) is off shell. Therefore, we introduce this form factor as a compensation to the off shell effects. Following the literature, in our calculation we take F (k^2) = [ (α^2 − m^2_ρ)/(α^2 − p^2_ρ)

]_2 , where α is a parameter.

The explicit expressions for A^{F SI}_{nπ}+_{→pπ}0 as well as those for other inelastic final state interactions, Λ_c → nρ^+ → pπ^0, Λ_c → ΛK^+ → pπ^0 and Λ_c → ΛK^{∗+} → pπ^0, are rather complicated, so we collect them in the appendix.

III. The numerical results

As inputs, we take the c_i’s in the weak effective Lagrangian from literature [9, 19] where the renormalization is carried out to one-loop level: c_i(m_c) < O_i(m_c) >= c^′_i < O_i >^{tree}, where c^′_i are effective Wilson coefficients.

In the wavefunction ψ_i(x_1, k_⊥), we take b = 1.77 GeV and 1.18 GeV corresponding to < k^2_⊥ >^{1/2}= 400 MeV and 600 MeV, respectively. x_{0i}(x_{0i} = 1 − m_D/m_i, i = Λ_c, n or Λ) is calculated with the diquark mass m_D being taken the value of 600 MeV. We let the parameter α in the form factor F (q^2, α) vary in a reasonable region. The results are not very sensitive to these parameters as shown below.

We also set m_u ∼ m_d ∼ 10 MeV, m_s = 150 MeV, m_c = 1.35 GeV. For the hadron decay constants, f_π = 132 MeV, f_K = 160 MeV, f_ρ = 210 MeV, and f_K∗ = 221 MeV.

The CKM entries are in the Wolfenstein parametrization and all values are taken from the Particle Data book.

a. Without the final state interaction.

We first present the numerical results when the FSI effects are turned off. The numerical results are shown in Table.1 and Table.2.

Products pπ^0 nπ^+ nρ^+ ΛK^+ ΛK^{∗+} b = 1.77 F_1 0.207 0.209 0.264 0.301 0.384 GeV F_2 -0.0533 -0.0538 -0.0730 -0.0728 -0.0989 b = 1.18 F_1 0.145 0.146 0.165 0.208 0.236 GeV F_2 -0.0372 -0.0375 -0.0456 -0.0503 -0.0609

Table 1. The form factors F_1 and F_2 as b takes two values.

Branching ratos pπ^0 nπ^+ nρ^+ ΛK^+ ΛK^{∗+} b = 1.77 GeV 4.35 × 10^{−6} 2.10 × 10^{−4} 3.57 × 10^{−4} 3.86 × 10^{−4} 4.91 × 10^{−4} b = 1.18 GeV 2.14 × 10^{−6} 1.03 × 10^{−4} 1.39 × 10^{−4} 1.84 × 10^{−4} 1.85 × 10^{−4}

Table 2. The branching ratios. Here we have τ_{Λc} = 0.206 ps [27].

b. Taking the FSI effects into account.

The coupling constants of the strong interaction at the vertices take the values g_K∗_{Kπ} = 5.8, g_{ρππ} = 6.1 [20, 26], g_{ρN N} = 2.5, κ_ρ = 8.0 [22], g_{πN N} = 13.6 [23], g_{KΛN} = −10 [24]. To determine the coupling g_K∗_{ΛN} , we assume the equality g_K∗_{ΛN} /g_{ρN N} = g_{KΛN} /g_{πN N} . In the compensation form factors F (α), the parameter α takes values in the reasonable region[17, 20, 26] as 1.2 − 2.0 GeV. In our concrete calculations, we employ α = 0.9 GeV, 1.0 GeV, and 1.2 GeV, respectively. From [24] we have |g_{KΛN} /g_{KΣN} | = 12, thus we do not need to consider the contribution of Λ_c → ΣK to Λ_c → pπ via final state interaction. The calculations are done for the case of maximum interference.

The numerical results with FSI effects are listed in table 3.

without with FSI effects FSI effects α = 0.9 GeV α = 1.0 GeV α = 1.2 GeV b = 1.77 GeV 4.35 × 10^{−6} 3.14 × 10^{−4} 2.92 × 10^{−4} 3.55 × 10^{−4} b = 1.18 GeV 2.14 × 10^{−6} 1.20 × 10^{−4} 1.11 × 10^{−4} 1.50 × 10^{−4}

Table 3. The branching ratio of Λ_c → pπ^0 with and without the FSI effects.

IV. Conclusion and discussion

It is widely recognized that non-perturbative QCD is, so far, an unsolved problem, but it is entangled with the effects of the fundamental mechanisms. We need to explore its properties in the phenomenological studies and gradually get better understanding of it.

The processes where only mesons are involved have been carefully investigated, including the final state interactions, even though there is still no way to evaluate them exactly from underlying theory. On the other hand, for the baryon case, the situation is more complicated because there are three valence quarks in a baryon.

It is reasonable to consider the diquark structure in baryons, which may be one of the possible configurations of three quarks. For a heavy baryon with one heavy quark and two light quarks, the two light flavors constitute a color ¯3 diquark where the interaction is attractive, and the heavy one acts as a color field source. This configuration may be expected as the dominant one. Thus in this work we employ this physical picture to carry out the calculations. Definitely, this configuration does not possess 100% probability, so we might introduce a phenomenological parameter which is less than unity, but close to, for describing the deviation. Therefore, the branching ratios we obtained in the text must be multiplied by this parameter. However, the relative ratios of Λ_c → pπ^0 to Λ_c → nπ^+ does not depend on it and this fact can be tested in experiments. As a matter of fact, some authors also used the diqaurk picture to evaluate the decays of heavy flavors to lighter ones recently [25].

Moreover, it is easy to accept that in the spectator picture, the heavy quark turns into a lighter one, there could be a possibility that a light quark in the light diquark breaks out and combines with the newly produced quark to constitute another diquark. But from the physics intuition, this probability should be smaller than retaining the original diquark structure as spectating the heavy quark turn into a light one, so we assume that the light diquark serves as a spectator and does not change after the weak transition.

When we calculate weak transitions, we use the factorization ansatz, which is not accurate. Therefore the absolute values of the obtained branching ratios may decline from the real values by a certain amount. But according to the information we have learned in the meson case, for such exclusive processes, factorization works. We will pursue this problem in our later works.

In this work, we show that the FSI effects are important, not only for the meson cases, but also for baryon-involved processes. It is indicated that without considering the FSI, the estimated branching ratio of Λ_c → pπ^0 is almost two orders smaller than that of Λ_c → nπ^+, but with FSI, they could have the same order. The numerical results show that the theoretically calculated values depend on the parameters α and b in the model employed here. This originates from the lack of knowledge of non-perturbative QCD, and we cannot fix them at present. However, as long as they fall in a reasonable region, the order of magnitude does not change.

For evaluating the FSI effects, we only consider the absorptive part of the triangle diagram. It is the real final state process because both hadron which are produced via the weak transition are on their mass shell. But definitely, the dispersive part of the triangle which needs to be renormalized would also bring up some effects and we ignore them in this calculation. Higher order FSI may also play roles and it can induce a strong phase and cause CP violations. We have investigated the possible CP violation in the meson case [20, 21] because there are data about the scattering amplitude and phases. In this concerned case, it is impossible to carry out accurate calculation yet, so we can only trust it to the order of magnitude.

By including the final state interaction, we show that the branching ratios of Λ_c → pπ^0 could be greatly enhanced by almost two orders and it is similar to the meson case, as D^0 → K^0K̄^0 is much suppressed compared to D^0 → K^+K^−, but measurements indicate that they are at the same order. This is obviously due to the FSI effects. Therefore when we evaluate the processes for baryons, we cannot ignore the FSI, as we understand in the meson case.

As pointed out above, many uncertainties exist in the theoretical calculations, so for a better understanding, we need more data as well as a more reliable theory for the nonperturbative QCD. Fortunately, the BEPC, CLEO and other high energy accelerators such as the B-factory and even TEVATRON and LHC will provide much more data in the future and we will be able to use them to determine the parameters involved in the phenomenological models and surely test the model itself.

Acknowledgement:

This work is partially supported by the National Natural Science Foundation of China and the Australian Research Council.

References

[1] N. Isgur and M. Wise, Phys. Lett. B232 (1989) 113; B237 (1990) 527. [2] H. Georgi, Nucl. Phys. 361 (1991) 339; M. Neubert, Phy. Rep. 245 (1994) 259. [3] L. Bigi et al., B-Decays, edited by S. Stone, World Sci. Pub.Co. Singapore, 1994; W.

Dai et al., Phys. Rev. D60 (1999) 034005.

[4] M. Ansdemino, P. Kroll and B. Pire, Z. Phys. C36 (1987) 89; T. Mannel, W. Roberts and Z. Ryzak, Nucl. Phys. B355 (1991) 38; D. Leinweber, Phys. Rev. D47 (1993) 5096; P. Kroll and W. Schweiger, Nucl. Phys. A474 (1981) 608; D. Ebert, T. Feldmann, C. Kottner and H. Reinhandt, Z. Phys. C71 (1996) 329.

[5] A. Falk, M.Luke, M. Savage and M. Wise, Phy. Rev. D49 (1994) 555; X. Guo and X. Li, Commun. Theor. Phys. 22 (1994) 337.

[6] A. Buras, J.-M. Gerard and R. Ruckl, Nucl. Phys. B268(1986) 16. [7] M. Blok and M. Shifman, Nucl. Phys.B389 (1993) 534. [8] H. Cheng, Phys. Lett. B335 (1994) 428.

[9] N. Deshpande and X. He, Phys. Lett. B336 (1994) 471.

[10] X. Li, D. Bugg and B. Zou, Phys. Rev. D55 (1997) 1421; X. Li and B. Zou, Phys.

Rev. D 57 (1998) 1518; J. Tandean, A. Thomas and G. Valencia, Phys. Rev. D 64 (2001) 014005.

[11] B. Stech, Phys. Lett.B354 (1995) 447. [12] F. Gilman and M. Wise, Phys. Lett.B83 (1979) 83.

[13] X. Guo, T. Huang and Z. Li, Phys. Rev. D 53 (1996) 373; X. Guo and A. Thomas, Phys. Rev. D58 (1998) 096013.

[14] V. Anisovich, D. Bugg, A. Sarantsev and B. Zou, Phys. Rev. D51 (1995) R4619;

D50 (1994) 1972.

[15] P. Collins, Introduction to Regge Theory and High Energy Physics, Cambridge University Press, England, 1977; H. Zheng, Phys.Lett.B356 (1995) 107; A. Flak et al. Phys. Rev. D57 (1998) 4290; D. Delepine et al. Phys. Lett. 429 (1998) 106.

[16] H. Georgi, Phys. Rev. Lett. 63 (1989)1917; A. Manohar and H. Georgi, Nucl. Phys.

B234 (1984) 189; X. Wang and M. Yan, Phys. Rev. D63 (2000) 094013; B. Borasoy and G. Müller, Phys. Rev. D62 (2000) 054020.

[17] O. Gortchakov et al., Z. Phys. A353 (1996) 447; A. Anisovich and E. Klempt, Z.

Phys. A354 (1996) 197.

[18] M. Peskin and D. Schroeder, An Introduction to Quantum Field Theory, Addison- Wesley Pub. Co. 1995.

[19] R. Fleisher, Int. J. Mod. Phys. A12 (1997) 2459; Z. Phys. C58 (1993) 483; Z. Phys.

C62 (1994) 81.

[20] X. Li and B. Zou, Phys. Lett.B399 (1997) 297. [21] Y. Dai et al., Phys. Rev. D60 (1999) 014014. [22] S. Zhu, Phys. Rev. D59 (1999) 435.

[23] S. Zhu, W. Hwang and Y. Dai, Phys. Rev. D59 (1999) 442. [24] T. Aliev and M. Savci, Phys. Rev. C61 (2000) 045201. [25] C. Chang and W. Hou, hep-ph/0112219. [26] D. Du et al., Euro. Phys. J. A4 (1999) 91. [27] Particle Data Group, Eur. Phys. C15 (2000) 1.

Appendix

In this appendix we present some details of the formulation about the final state inelastic scattering amplitudes.

(1) For Λ_c → nπ^+ → pπ^0, A^{F SI}_{nπ}+_{→pπ}0 = 1 2 ∫ d^4p_1

(2π)^2 δ(p^2_1 − m^2)δ(p^2_1 − m^2) iF (k^2)g_{ρN N} g_{ρππ} k^2 − m^2_ρ

·Ū_p(p_3) {[ − 4p_{Λc} · p_1 + m^2_1 − κ_ρ m_N (m^2_1/p_3 − m^2_1/p_{Λc} − 2p_{Λc} · p_1/p_3) − m^2_1(m^2 − m^2_4) m^2_ρ ]

+m_1 [ − (2/p_{Λc} − /p_3) + κ_ρ m_N (p_2 · p_4 − M^2 + 2p_{Λc} · p_1 + /p_3/p_{Λc} ) + (m^2 − m^2_4)

m^2_ρ

/p_3 ]} i(A + Bγ_5)U_{Λc} (p_{Λc} ) = 1 2 ∫ d^4p_1

(2π)^2 δ(p^2_1 − m^2)δ(p^2_1 − m^2) iF (k^2)g_{ρN N} g_{ρππ} k^2 − m^2_ρ ·Ū_p(p_3)i(AH^a_1 + BH^a_2 γ_5)U_{Λc} (p_{Λc} ); = ∫_1 −1 d(cosθ)|−→p_1| 16πM iF (k^2)g_{ρN N} g_{ρππ} k^2 − m^2_ρ

Ū_p(p_3)i(AH^a_1 + BH^a_2 γ_5)U_{Λc} (p_{Λc} ), (30)

where θ is the angle spanned between p_1 and p_3, k^2 = (p_1 − p_3)^2 = m^2_1 + m^2_3 − 2E_1E_3 + 2|−→p_1||−→p_3| cos(θ), and |−→p_1| = λ^{1/2}(M^2, m^2_1, m^2)/(2M). λ(x, y, z) = x^2 + y^2 + z^2 − 2xy − 2yz − 2xz is the well-known function.In the above expression, A, B take the values in Eq.(18) and H^a_1 , H^a_2 are

H^a_1 = [ − 4p_{Λc} · p_1 + m^2_1 − κ_ρ m_N (m^2_1m_3 − m^2_1M − 2p_{Λc} · p_1m_3) − m^2_1(m^2 − m^2_4)

m^2_ρ ]

+m_1 [ − 2M + m_3 + κ_ρ m_N (p_2 · p_4 − M^2 + 2p_{Λc} · p_1 + m_3M) +

(m^2 − m^2_4)m_3 m^2_ρ ] , H^a_2 = [ − 4p_{Λc} · p_1 + m^2_1 − κ_ρ m_N (m^2_1m_3 + m^2_1M − 2p_{Λc} · p_1m_3) − m^2_1(m^2 − m^2_4)

m^2_ρ ]

+m_1 [ 2M + m_3 + κ_ρ m_N (p_2 · p_4 − M^2 + 2p_{Λc} · p_1 − m_3M) +

(m^2 − m^2_4)m_3

m^2_ρ ] . (2) For Λ_c → nρ^+ → pπ^0 we have similar expressions A^{F SI}_{nρ}+_{→pπ}0 = 1 2 ∫ d^3p_1

(2π)^32E_1 d^3p_2 (2π)^32E_2

(2π)^4δ^4(p_1 + p_2 − p_{Λc} ) · A(Λ_c → nπ^+)⟨nρ^+|S|pπ^0⟩ = 1 2 ∫ d^4p_1

(2π)^2 δ(p^2_1 − m^2)δ(p^2_1 − m^2) iF (k^2)g_{πN N} g_{ρππ} k^2 − m^2_π iŪ_p(p_3)γ_5(/p_1 + m_1)

·ϵ^μ_ρ (k + p_4)_μϵ^{∗ν}_ρ [ A_1γ_ν γ_5 + A_2(p_1)_ν γ_5 + B_1γ_ν + B_2(p_1)_ν ] U_{Λc} , (31)

where p_1 = p_n, p_2 = p_ρ+ , p_3 = p_p and p_4 = p_π0 . Eq.(31) is recast as A^{F SI}_{nρ}+_{→pπ}0 = 1 2 ∫ d^4p_1

(2π)^2 δ(p^2_1 − m^2)δ(p^2_1 − m^2) iF (k^2)g_{πN N} g_{ρππ} k^2 − m^2_π iŪ_p(p_3)[A_b + B_bγ_5]U_{Λc}

= ∫_1 −1 d(cosθ)|−→p_1| 16πM iF (k^2)g_{πN N} g_{ρππ} k^2 − m^2_π iŪ_p(p_3)[A_b + B_bγ_5]U_{Λc} , (32)

and A_b, B_b are defined as

A_b = 2m_1 { A_1(M − m_3) + A_2p_1 · (p_3 − p_{Λc} ) + p_2 · p_4 m^2 [ − A_1M + A_2p_1 · (p_{Λc} − p_1) ]}

+2 { 2p_1 · p_3A_1 − p_2 · p_4 m^2 m^2_1A_1 } , B_b = 2m_1 { B_1(−M − m_3) + B_2p_1 · (p_3 − p_{Λc} ) + p_2 · p_4 m^2 [ B_1M + B_2p_1 · (p_{Λc} − p_1) ]}

+2 { 2p_1 · p_3B_1 − p_2 · p_4 m^2 m^2_1B_1 } . and A_i = a_iη, B_i = b_iη (i = 1, 2).

(3) For Λ_c → ΛK^+ → pπ^0, we have similar expressions A^{F SI}_{ΛK}+_{→pπ}0 = 1 2 ∫ d^3p_1

(2π)^32E_1 d^3p_2 (2π)^32E_2

(2π)^4δ^4(p_1 + p_2 − p_{Λc} ) · A(Λ_c → ΛK^{∗+})⟨ΛK^+|S|pπ^0⟩ = ∫_1 −1 d(cosθ)|−→p_1| 16πM iF (k^2)g_K∗_{N Λ}g_K∗+_{Kπ} k^2 − m^2_K∗

Ū_p(p_3)i(AH^c_1 + BH^c_2γ_5)U_{Λc} (p_{Λc} ), (33)

where A, B take the values in Eq.(23) and H^c_1 , H^c_2 are

H^c_1 = [ − 4p_{Λc} · p_1 + m^2_1 − 2κ^′_ρ m_N + m_Λ

(m^2_1m_3 − m^2_1M − 2p_{Λc} · p_1m_3) − m^2_1(m^2 − m^2_4) m^2_K∗ ]

+m_1 [ − 2M + m_3 + 2κ^′_ρ m_N + m_Λ

(p_2 · p_4 − M^2 + 2p_{Λc} · p_1 + m_3M) +

(m^2 − m^2_4)m_3 m^2_K∗ ] , H^c_2 = [ − 4p_{Λc} · p_1 + m^2_1 − 2κ^′_ρ m_N + m_Λ

(m^2_1m_3 + m^2_1M − 2p_{Λc} · p_1m_3) − m^2_1(m^2 − m^2_4) m^2_K∗ ]

+m_1 [ 2M + m_3 + 2κ^′_ρ m_N + m_Λ

(p_2 · p_4 − M^2 + 2p_{Λc} · p_1 − m_3M) +

(m^2 − m^2_4)m_3 m^2_K∗ ] , where κ^′_ρ is from the interaction vertex of (28) and we have p_1 = p_Λ, p_2 = p_K∗+ , p_3 = p_p, p_4 = p_π0 .

(4) For Λ_c → ΛK^{∗+} → pπ^0, A^{F SI}_{ΛK}∗+_{→pπ}0 = 1 2 ∫ d^3p_1

(2π)^32E_1 d^3p_2 (2π)^32E_2

(2π)^4δ^4(p_1 + p_2 − p_{Λc} ) · A(Λ_c → ΛK^{∗+})⟨ΛK^{∗+}|S|pπ^0⟩ = ∫_1 −1 d(cosθ)|−→p_1| 16πM iF (k^2)g_{KΛN} g_K∗+_{Kπ} k^2 − m^2_K iŪ_p(p_3)[A_d + B_dγ_5]U_{Λc} , (34) where p_1 = p_Λ, p_2 = p_K∗+ , p_3 = p_p and p_4 = p_π0 . A_d, B_d are defined as

A_d = 2m_1 { A_1(M − m_3) + A_2p_1 · (p_3 − p_{Λc} ) + p_2 · p_4 m^2 [ − A_1M + A_2p_1 · (p_{Λc} − p_1) ]}

+2 { 2p_1 · p_3A_1 − p_2 · p_4 m^2 m^2_1A_1 } , B_d = 2m_1 { B_1(−M − m_3) + B_2p_1 · (p_3 − p_{Λc} ) + p_2 · p_4 m^2 [ B_1M + B_2p_1 · (p_{Λc} − p_1) ]}

+2 { 2p_1 · p_3B_1 − p_2 · p_4 m^2 m^2_1B_1 } , and A_i = a_iη̃, B_i = b_iη̃ (i = 1, 2).