arXiv:hep-ph/0311036 v1 4 Nov 2003

SMU-HEP-03-11

New Physics and CP Violation in Hyperon Nonleptonic Decays

Jusak Tandean^∗

Department of Physics, Southern Methodist University, Dallas, Texas 75275-0175

Abstract

The sum of the CP -violating asymmetries A(Λ^0_−) and A(Ξ^−) in hyperon nonleptonic decays is presently being measured by the E871 experiment. We evaluate contributions to the asymmetries induced by chromomagnetic-penguin operators, whose coefficients can be enhanced in certain models of new physics. Incorporating recent information on the strong phases in Ξ → Λπ decay, we show that new-physics contributions to the two asymmetries can be comparable. We explore how the upcoming results of E871 may constrain the coefficients of the operators. We find that its preliminary measurement is already better than the ϵ parameter of K-K̄ mixing in bounding the parity-conserving contributions.

∗Electronic address: jtandean@mail.physics.smu.edu

I. INTRODUCTION

The phenomenon of CP violation remains one of the least understood aspects of particle physics. Although CP violation has now been detected in several processes in the kaon and B-meson systems [1], its origin is still far from clear. The standard model (SM) can accommodate the experimental results, but they do not yet provide critical tests for it [2]. To pin down the sources of CP violation within or beyond the SM, it is essential to observe it in many other processes.

Nonleptonic hyperon decays provide an environment where it is possible to obtain additional observations of CP violation. Although this has been recognized for a long time [3], only recently has it been experimentally feasible to search for CP violation in some of these decays [4–6]. There is currently such an effort being done at Fermilab, by the HyperCP (E871) Collaboration [5, 6].

The reactions studied by HyperCP are the decay sequence Ξ^− → Λπ^−, Λ → pπ^− and its antiparticle counterpart. For each of these decays, the decay distribution in the rest frame of the parent hyperon with known polarization w has the form dΓ dΩ ∼ 1 + α w · p̂ , (1)

where p̂ is the unit vector of the daughter-baryon momentum and α is the parameter relevant to the CP violation of interest. By evaluating the decay chain Ξ → Λπ → pππ, the HyperCP experiment is sensitive to the sum of CP violation in the Ξ decay and CP violation in the Λ decay. Thus it measures [5, 6] A_{ΞΛ} = A_Λ + A_Ξ , (2)

where A_Ξ ≡ A ( Ξ^− ) ≡ α_Ξ + α_Ξ α_Ξ − α_Ξ , A_Λ ≡ A ( Λ^0_− ) ≡ α_Λ + α_Λ α_Λ − α_Λ

, (3)

are the CP -violating asymmetries in Ξ → Λπ and Λ → pπ, respectively. The published measurements currently available [7] are A_Λ = 0.012 ± 0.021 and A_{ΞΛ} = 0.012 ± 0.014. HyperCP will obtain more precise results, with an expected sensitivity of ∼10^{−4}, and has recently reported [6] a preliminary measurement of A_{ΞΛ} = (−7 ± 12 ± 6.2) × 10^{−4}.

The amplitudes for both Λ → pπ^− and Ξ^− → Λπ^− contain S- and P -wave components, each of which consists of contributions describing |ΔI| =^1_2 and^3_2 transitions, with the former being known to dominate. Assuming |ΔI| =^1_2 dominance, one can derive at leading order [8]

A_Λ = − tan ( δ^Λ_P − δ^Λ_S ) sin ( ϕ^Λ_P − ϕ^Λ_S ) , A_Ξ = − tan ( δ^Ξ_P − δ^Ξ_S ) sin ( ϕ^Ξ_P − ϕ^Ξ_S ) . (4)

Here, δ^Λ_S ( δ^Λ_P ) is the strong S-wave (P -wave) Nπ scattering phase-shift at √ s = M_Λ, and δ^Ξ_S ( δ^Ξ_P ) is the strong S-wave (P -wave) Λπ scattering phase-shift at √ s = M_Ξ. Moreover, ϕ^{Λ,Ξ}_S ( ϕ^{Λ,Ξ}_P ) are the CP -violating weak phases induced by the |ΔS| = 1, |ΔI| =^1_2 interaction in the S-wave (P -wave) of the Λ → pπ^− and Ξ^− → Λπ^− decays, respectively.

The strong Nπ scattering phases needed in Eq. (4) have been measured [9] to be δ^Λ_S ∼ 6^∘ and δ^Λ_P ∼ −1^∘ with errors of about 1^∘. In contrast, the strong Λπ phases are less well determined. Using the current PDG numbers [7], one can deduce [10] the phase difference δ^Ξ_P − δ^Ξ_S = (−7.7 ± 7.7)^∘.

Very recently, the E756 Collaboration [11] has published a new measurement of δ^Ξ_P − δ^Ξ_S = (+3.17 ± 5.28 ± 0.73)^∘. HyperCP is presently also measuring this quantity, with better precision, and has reported [10] a preliminary result of δ^Ξ_P − δ^Ξ_S = ( 7.6 ± 1.3^{+2.4}_{−2.8} )_∘ . On the theoretical side, the most recent update [12] of the standard-model prediction of A_{ΞΛ} yields a value that is smaller than most of earlier estimates [8, 13], but with a sizable uncertainty, resulting in the range | |A_{ΞΛ} | | <∼ 5 × 10−5, which is compatible with some of the earlier predictions.

Thus, the upcoming data from HyperCP will likely be insensitive to SM effects. Beyond the SM, the asymmetry is potentially more detectable, as various estimates [14, 15] indicate that A_Λ could be as large as 10^{−3} in models with enhanced chromomagnetic-penguin operators (CMO). In these studies, the corresponding value of A_Ξ has been neglected because most of recent calculations based on chiral perturbation theory [16, 17] suggest that δ^Ξ_P − δ^Ξ_S is small compared to δ^Λ_P − δ^Λ_S . However, there are early indications, from a coupled-channel K-matrix estimate given in Ref. [17] and from the preliminary result of HyperCP above [10], that the two phase-differences may actually be comparable in size. This is also compatible with the other two measurements of δ^Ξ_P − δ^Ξ_S mentioned earlier. Since HyperCP is sensitive only to the sum A_Λ + A_Ξ, it is therefore important to have an up-to-date expectation of A_{Λ,Ξ} from possible new physics and of their sum.

In this paper, we estimate both A_Λ and A_Ξ due to possible physics beyond the SM, incorporating the new information on the strong phases and taking into account constraints from kaon data. Specifically, we consider contributions generated by the CMO, which could be significantly larger that their SM counterparts [14, 15]. The relevant effective Hamiltonian can be written as [18]

H_w = C_g Q_g + C̃_g Q̃_g + H.c. , (5)

where C_g and C̃_g are the Wilson coefficients, and

Q_g = g_s 16π^2 d̄ σ^{μν} t^a (1 + γ_5)s G^a_{μν} , Q̃_g = g^s 16π^2 d̄ σ^{μν} t^a (1 − γ_5)s G^a_{μν} , (6) are the CMO, with G^{μν}_a being the gluon field-strength tensor and Tr ( t^at^b ) =^1_2 δ^{ab}. These operators also contribute to the CP -violating parameters ϵ in kaon mixing and ϵ^′ in kaon decay, as well as to other hyperon and kaon observables [18–20]. Although ϵ, ϵ^′, and A_{Λ,Ξ} receive contributions from the same |ΔS| = 1 interaction, they probe different parts of it. Whereas ϵ and ϵ^′ are sensitive only to parity-even and parity-odd contributions, respectively, A_{Λ,Ξ} are sensitive to both. Thus, with ϵ and ϵ^′ now being well measured, we will estimate the range of A_{ΞΛ} arising from the CMO that is allowed by ϵ and ϵ^′, and then compare it with the preliminary result of HyperCP mentioned above. Since various new-physics scenarios may contribute differently to the coefficients of the operators, we will not focus on specific models, but will instead adopt a model-independent approach, only assuming that the contributions are potentially sizable. Accordingly, we will also explore how well the coefficients can be constrained in the event that HyperCP detects no CP -violation.

In Sec. II, we employ heavy-baryon chiral perturbation theory to derive the decay amplitudes at leading order. In Sec. III, we calculate the weak phases using matrix elements estimated in the MIT bag model. We then estimate the CP -violating asymmetries, taking into account constraints from CP violation in the kaon system, and present a discussion of our results. We give our conclusions in Sec. IV.

II. CHIRAL LAGRANGIAN AND DECAY AMPLITUDES

The chiral Lagrangian that describes the interactions of the lowest-lying mesons and baryons is

written down in terms of 3×3 matrices φ and B which contain the lightest meson-octet and baryon-

octet fields, respectively [21, 22]. The mesons enter through the exponential Σ = ξ^2 = exp(iφ/f),

where f is the pion-decay constant.

In the heavy-baryon formalism [22], the baryons in the chiral Lagrangian are described by

velocity-dependent fields, B_v . For the strong interactions, the chiral Lagrangian to lowest order

in the derivative expansion is given by [22]

L^{(1)}_s = ⟨¯ B_v iv · DB_v ⟩ + 2D ⟨¯ B_vS^μ_v { A_μ, B_v }⟩ + 2F ⟨¯ B_vS^μ_v [ A_μ, B_v ]⟩ +^1_4 f^2 ⟨ ∂^μΣ^† ∂_μΣ ⟩ , (7)

where ⟨· · · ⟩ denotes Tr(· · · ) in flavor-SU(3) space, S_v is the spin operator, D^μB_v = ∂^μB_v + [ V^μ, B_v ] , with V_μ =^1_2 ( ξ ∂_μξ^† + ξ^† ∂_μξ ) , and A_μ =^i_2 ( ξ ∂_μξ^† − ξ^† ∂_μξ ) . In this Lagrangian, D and F are

free parameters which can be determined from hyperon semileptonic decays. We will adopt the

parameter values obtained from fitting tree-level formulas [22], namely D = 0.80 and F = 0.50.

We will also need the chiral Lagrangian that explicitly break chiral symmetry [23], containing one

power of the quark-mass matrix M = diag ( m_u, m_d, m_s ) , L^{(2)}_s =^1_4 f^2 ⟨ χ_+ ⟩ + b_D 2B_0 ⟨¯ B_v { χ_+, B_v }⟩ + b_F 2B_0 ⟨¯ B_v [ χ_+, B_v ]⟩ + b_0

2B_0 ⟨ χ_+ ⟩ ⟨¯ B_v B_v ⟩ , (8)

where we have used the notation χ_+ = ξ^†χξ^†+ξχ^†ξ to introduce coupling to external (pseudo)scalar

sources, χ = s + ip, such that in the absence of the external sources χ reduces to the mass

matrix, χ = 2B_0M. We will take the isospin limit, m_u = m_d = m̂, and consequently χ =

diag ( m^2_π, m^2_π, 2m^2_K − m^2_π ) . In Eq. (8), the constants B_0, b_{D,F,0} are free parameters which can be

fixed from data.

In the weak sector, the chiral Lagrangian induced by the chromomagnetic-penguin operators

has to respect their symmetry properties. From Eq. (5), we observe that Q_g and Q̃_g transform as ( ¯3_L, 3_R ) and ( 3_L, ¯3_R ) , respectively, under SU(3)_L×SU(3)_R transformations. Accordingly, the

desired Lagrangian at leading order is

L_w = β_D ⟨¯ B_v { ξ^†hξ^†, B_v }⟩ + β_F ⟨¯ B_v [ ξ^†hξ^†, B_v ]⟩ + β_0 ⟨ hΣ^† ⟩ ⟨¯ B_v B_v ⟩ + β_φ f^2B_0 ⟨ hΣ^† ⟩ + β̃_D ⟨¯ B_v {ξhξ, B_v } ⟩ + β̃_F ⟨¯ B_v [ξhξ, B_v ] ⟩ + β̃_0 ⟨hΣ⟩ ⟨¯ B_v B_v ⟩ + β̃_φ f^2B_0 ⟨hΣ⟩ + H.c. , (9)

where β_i (~ β_i ) are parameters containing the coefficient C_g (~ C_g ) , and the 3×3-matrix h selects out

s → d transitions, having elements h_{kl} = δ_{k2}δ_{3l}. As shown in Appendix A, the expression for L_w

can be inferred from the lowest-order chiral realization of the densities d̄(1 ± γ_5)s. We remark that

this Lagrangian is of O(1) in the derivative and m_s expansions.

For the weak decay of a spin-^1_2 baryon B into another spin-^1_2 baryon B^′ and a pseudoscalar

meson ϕ, the amplitude in the heavy-baryon approach has the general form [24] iM_{B→B}′_ϕ = −i ⟨ B^′ϕ | L_{w+s} | B ⟩ = ū_B′ ( A^{(S)}_{BB}′_ϕ + 2S_v ·p_ϕ A^{(P )}_{BB}′_ϕ ) u_B , (10) where the superscripts refer to the S- and P -wave components of the amplitude. These components

are related to the decay width Γ and parameter α by Γ = | |p_{B′} | | 4π m_B ( E_B′ + m_B′ ) ( |s|^2 + |p|^2 ) , α = 2 Re(s^∗p) |s|^2 + |p|^2 , (11)

where s = A^{(S)} and p = | |p_{B′} | | A^{(P )}. To express our results, we also adopt the notation [24] a^{(S,P )}_{BB}′_ϕ ≡ √ 2 f A^{(S,P )}_{BB}′_ϕ . (12)

From the Lagrangians given above, one can derive the S- and P -wave amplitudes at leading

order, represented by the diagrams in Figs. 1 and 2, respectively. For the S-wave, the first diagram

is directly obtained from a weak vertex provided by Eq. (9), whereas the other diagram involves

a K̄-vacuum tadpole from Eq. (9) and a strong B→B^′K̄π vertex, which consists of contributions

from both L^{(1)}s and L^{(2)}s . It is worth mentioning here that the β_φ and β̃_φ terms in L_w do not

contribute to K̄ → ππ decay, as the corresponding direct and tadpole diagrams cancel exactly [25].

For Λ → pπ^− and Ξ^− → Λπ^−, the resulting amplitudes are then^1

a^{(S)}_{Λpπ−} =^{1√}_6 ( β^−_D + 3β^−_F ) +^{3√}_6 β^−_φ m_Λ − m_N m_s − m̂ , a^{(S)}_{Ξ−Λπ−} =^{1√}_6 ( β^−_D − 3β^−_F ) −^{3√}_6 β^−_φ m_Ξ − m_Λ m_s − m̂ , (13)

where β^−_i ≡ β_i − β̃_i and we have used the relations

m_Λ − m_N = −^2_3 ( b_D + 3b_F ) (m_s − m̂) , m_Ξ − m_Λ =^2_3 ( b_D − 3b_F ) (m_s − m̂) , m^2_K = B_0 (m_s + m̂) ,

(14)

derived from Eq. (8). For the P -wave, the amplitude arises from two baryon-pole diagrams, each

involving a weak vertex from Eq. (9) and a strong vertex from Eq. (7), and a kaon-pole diagram

involving a strong vertex from Eq. (7) followed by a K̄-π vertex from Eq. (9). Thus we find

a^{(P )}_{Λpπ−} =

(D + F ) ( β^+_D + 3β^+_F ) √ 6 ( m_Λ − m_N ) + 2D ( β^+_D − β^+_F ) √ 6 ( m_Σ − m_N ) + (D + 3F ) β^+_φ √ 6 ( m_s − m̂ ) ,

a^{(P )}_{Ξ−Λπ−} = (−D + F ) ( β^+_D − 3β^+_F ) √ 6 ( m_Ξ − m_Λ ) − 2D ( β^+_D + β^+_F ) √ 6 ( m_Ξ − m_Σ ) + (D − 3F ) β^+_φ √ 6 ( m_s − m̂ ) , (15)

where β^+_i ≡ β_i + β̃_i and we have used m^2_K − m^2_π = B_0 (m_s − m̂). We note that the baryon and

meson masses in all the amplitudes above are isospin-averaged ones.

1 The contribution from L^{(1)}_s to the tadpole amplitude contains the factor v · p_ϕ = m_B − m_B′ = O(m_s). As a result,

the L^{(1)}_s and L^{(2)}_s contributions to the amplitude both have the same m_s order, O(m^0_s), as the β^−_φ terms indicate.

FIG. 1: Leading-order diagrams for chromomagnetic-penguin contributions to S-wave hyperon nonleptonic decays. In all figures, a solid (dashed) line denotes a baryon (meson) field, and a solid dot (hollow square) represents a strong (weak) vertex.

FIG. 2: Leading-order diagrams for chromomagnetic-penguin contributions to P -wave hyperon nonleptonic decays.

III. NUMERICAL RESULTS AND DISCUSSION

In order to estimate the weak phases in A_{Λ,Ξ}, we first need to determine the parameters β_i and β̃_i in terms of the underlying coefficients C_g and C̃_g, respectively. From the effective Hamiltonian in Eq. (5) and the chiral Lagrangian in Eq. (9), we can derive the one-particle matrix elements ⟨ n | |H_w | |Λ⟩ = β^D + 3β^F + β̃_D + 3β̃_F √ 6 ū_nu_Λ , ⟨ Λ | |H_w | |Ξ^0⟩ = β^D − 3β^F + β̃_D − 3β̃_F √ 6 ū_Λu_Ξ , ⟨ π^− | H_w | K^− ⟩ = ( β_φ + β̃_φ ) B_0 .

(16)

Since there is presently no reliable way to calculate these matrix elements from first principles, we will employ the MIT bag model to estimate them, following earlier work [15]. Using the results given in Appendix B, and setting C̃_g = 0, we find

β_D = −^3_7 β_F =

2 I_M N^4 π R^2 C_g , β_φ = −8 √ 2 I_M N^4 m_K πB_0 R^2

C_g , (17)

where N, R, and I_M are bag parameters whose values are given in the appendix. By setting C_g = 0 instead, one finds similar relations between β̃_i and C̃_g. It follows that numerically (∼) β_D = −^3_7^{(∼)}β_F = 1.10 × 10^{−3 (∼)}C_g GeV^2 ,^{(∼)}β_φ = −3.49 × 10^{−3 (∼)}C_g GeV^2 , (18)

where we have used B_0 = m^2_K/(m_s + m̂), with m_K = 495.7 MeV and [2] m_s + m̂ = 121 MeV. We note that C_g and C̃_g here are the Wilson coefficients at the low scale μ = O(1 GeV) and hence already contain the QCD running from the new-physics scales. We also note that the bagmodel numbers in Eq. (18) are comparable in magnitude to the natural values of the parameters as obtained from naive dimensional analysis [26], e.g.,

β^{NDA}_{D,F} =

C_g g_s 16π^2

Λ^2 4π ∼ 0.0024 C_g GeV^2 , β^{NDA}_φ =

C_g g_s 16π^2

Λ^3 4πB_0 ∼ 0.0014 C_g GeV^2 , (19)

where Λ = 4πf is the chiral-symmetry breaking scale, with f = f_π ≃ 92.4 MeV, and we have chosen g_s = √ 4π. The differences between the two sets of numbers provide an indication of the level of uncertainty in estimating the matrix elements. This will be taken into account in our results below.

Next, we adopt the usual prescription for obtaining a weak phase [8, 12, 15], namely dividing the imaginary part of the theoretical amplitude by the real part of the amplitude extracted from experiment under the assumption of no CP violation. For the real part of amplitudes, we employ the experimental values obtained in Ref. [27]. They are, in units of G_Fm^2_{π+} ,

s_{Λ→pπ}− = 1.42 ± 0.01 , s_Ξ−_{→Λπ}− = −1.98 ± 0.01 ,

p_{Λ→pπ}− = 0.52 ± 0.01 , p_Ξ−_{→Λπ}− = 0.48 ± 0.02 .

(20)

The imaginary part of the amplitudes are calculated from Eqs. (13) and (15), combined with Eq. (18). The other hadron masses that we employ are m_N = 938.9, m_Λ = 1115.7, m_Σ = 1193.2, m_Ξ = 1318.1, and m_π = 137.3, all in units of MeV. In Table I, we have collected the results, divided by the central values of Eq. (20), in terms of C_g and C̃_g. We find that in each of the amplitudes the β^±_φ terms are numerically larger than the β^±_{D,F} terms, by up to a factor of four, and both contribute with the same sign.

TABLE I: Ratios of theoretical amplitude arising from chromomagnetic operators to experimental amplitude, for S- and P -wave transitions.

Decay mode

Im s s_{expt}

(GeV)

Im p p_{expt}

(GeV)

Λ → pπ^− −2.2 × 10^5 Im ( C_g − C̃_g ) −2.6 × 10^5 Im ( C_g + C̃_g ) Ξ^− → Λπ^− −1.9 × 10^5 Im ( C_g − C̃_g ) +1.1 × 10^5 Im ( C_g + C̃_g )

Since the ratios in Table I follow from the leading-order amplitudes in χPT, the uncertainty of our prediction will come partly from our lack of knowledge about the higher-order terms which are presently incalculable. Various studies of hyperon processes in the context of χPT show that the leading nonanalytic contributions to amplitudes can be comparable to the lowest-order terms [21, 22, 24, 27, 28]. We expect that a similar situation occurs here, and consequently we also expect the uncertainty due to the higher-order contributions to be comparable to our leading-order estimate. To reflect this, as well as the uncertainty in estimating the matrix elements above, we assign an error of 200% to each of these ratios. In Table II, we have listed the ratios as the weak phases,^2 along with their uncertainties, in terms of C^±_g ≡ C_g ± C̃_g. Accordingly, C^+_g and C^−_g correspond to parity-even and parity-odd transitions, respectively.

TABLE II: Weak phases generated by chromomagnetic operators and strong-phase differences, δ_S − δ_P .

Decay mode 10^{−5} ϕ_S (GeV) 10^{−5} ϕ_P (GeV) δ_S − δ_P

Λ → pπ^− (−2.2 ± 4.4) Im C^−_g (−2.6 ± 5.2) Im C^+_g 7^∘ ± 2^∘

Ξ^− → Λπ^− (−1.9 ± 3.8) Im C^−_g (1.1 ± 2.2) Im C^+_g −2^∘ ± 6^∘

In Table II, we have also included the strong-phase differences. The number for Λ → pπ^− results from the measured phases quoted in Sec. I. For Ξ^− → Λπ^−, while awaiting a definitive measurement by HyperCP, we have adopted the range −7.8^∘ < δ^Ξ_S − δ^Ξ_P < +3.9^∘ estimated in Ref. [17]. This range is compatible with the experimental values known to date, including the preliminary measurement by HyperCP mentioned in Sec. I.

From the results in Table II, it follows that the contributions of the CMO are

10^{−4} ( A_Λ ) g = (3.5 ± 7.0) Im C^−_g + (−4.2 ± 8.3) Im C^+_g ,

10^{−4} ( A_Ξ ) g = (−2.0 ± 6.0) Im C^−_g + (−1.2 ± 3.4) Im C^+_g .

(21)

where the numbers on the right-hand sides are all in units of GeV. This indicates that (A_Ξ)_g is not negligible compared to (A_Λ)_g and hence should be included in evaluating A_{ΞΛ}. Summing the two asymmetries then yields

10^{−4} ( A_{ΞΛ} ) g = (2 ± 13) Im C^−_g + (−5 ± 12) Im C^+_g , (22)

the right-hand side being again in GeV. The errors we quote here are obviously not Gaussian, and simply indicate the ranges resulting from our calculation of the phases.

Since the CMO also contribute to the parameters ϵ^′ and ϵ in the kaon sector, it is possible to obtain a bound on their contribution to A_{ΞΛ} using the measured values of ϵ^′ and ϵ. The contribution to ϵ^′ can be written as [15, 18] ( ϵ^′ ϵ ) g = ( 5.2 × 10^5 GeV ) B_G ImC^−_g , (23)

2 We remark here that the central values of the numerical factors in front of Im C^±_g for ϕ^Λ_{S,P} in Table II are larger, by roughly a factor of two, than the corresponding numbers obtained in Ref. [15], which considers contributions from a generic supersymmetric model. The disagreement may be due mainly to a factor-of-two difference between the matrix elements in Eqs. (B1) and (B2) and those employed in Ref. [15].

where B_G parameterizes the hadronic uncertainty, and m_s + m̂ = 121 MeV has been used [2]. The contribution to ϵ occurs through long-distance effects, and the simplest ones arise from π^0, η, and η^′ poles [25], yielding

(ϵ)_g = − ( 2.3 × 10^5 GeV ) κ ImC^+_g , (24)

where κ quantifies the contributions of the different poles. Hence Eq. (22) can be rewritten as ( A_{ΞΛ} ) g = 0.04 ± 0.25 B_G ( ϵ^′ ϵ ) g + 0.22 ± 52 κ (ϵ)_g . (25)

To estimate the range of ( A_{ΞΛ} )_g allowed by the experimental values |ϵ| = (22.80 ± 0.13) × 10^{−4} and Re(ϵ^′/ϵ) = (16.6 ± 1.6) × 10^{−4} [2, 7], we require ( ϵ^′ ϵ ) g < 19 × 10^{−4} , |ϵ|_g < 23 × 10^{−4} . (26)

Consequently, adopting 0.5 < B_G < 2 and 0.2 < |κ| < 1, after Ref. [15], we find the bound | |A_{ΞΛ} | |_g < 97 × 10^{−4} . (27)

The upper limit of this range is allowed by the published data [7], but is disfavored by the preliminary result of HyperCP [6] quoted in Sec. I, exceeding it by several sigmas. Since the number in Eq. (27) is dominated by the (ϵ)_g bound, we can then conclude that the available preliminary measurement by HyperCP already probes the parity-even contributions better than ϵ does.

Now, it is possible that HyperCP will in the end observe no CP -violation in A_{ΞΛ}. In that event, the data can be used to estimate the bounds on both ImC^±_g . To explore this possibility, we assume that HyperCP will be able to reach the expected sensitivity of 2 × 10^{−4} [6], and so we take this number as the upper limit for A_{ΞΛ}. Moreover, since our result in Eq. (22) has large uncertainties, for illustrative purposes we use its central value in what follows. Barring significant cancellations between the ImC^±_g terms, we can consider three possible cases, (i) ImC^+_g = 0 and ImC^−_g ≠ 0, (ii) ImC^+_g ≠ 0 and ImC^−_g = 0, and (iii) ImC^+_g ∼ −ImC^−_g ≠ 0. Consequently, requiring |A_{ΞΛ}|_g < 2 × 10^{−4}, we obtain for these cases (i) | |ImC^−_g | | <∼ 1 × 10^{−8} GeV^{−1} , (ii) | |ImC^+_g | | <∼ 4 × 10^{−9} GeV^{−1} ,

(iii) | |ImC^+_g | | ∼ | |ImC^−_g | | <∼ 3 × 10^{−9} GeV^{−1} .

(28)

For comparison, the requirements in Eq. (26) from ϵ^′ and ϵ measurements imply | |ImC^−_g | | < 7.4 × 10^{−9} GeV^{−1} , | |ImC^+_g | | < 5.0 × 10^{−8} GeV^{−1} . (29)

Similar or stronger bounds on ImC^+_g may also be obtainable from K → 3π, πℓ^+ℓ^−, πγγ decays [20]. Therefore, even if it turns out that HyperCP eventually does not discover CP violation in hyperon decays, its data can be expected to provide stringent constraints on the coefficients of the CMO in new-physics models, at a level that is comparable to or better than the bounds coming from the kaon sector.

IV. CONCLUSION

We have evaluated the CP -violating asymmetries A_Λ and A_Ξ induced by the chromomagneticpenguin operators, whose coefficients can be enhanced in some scenarios of new physics. Including recent information on the strong phases in Ξ → Λπ and adopting a model-independent approach, we have shown that ( A_Ξ )_g , which was neglected in earlier studies, can be comparable to ( A_Λ )_g . We have found that the upper limit of the sum of these asymmetries, ( A_{ΞΛ} )_g , as allowed by ϵ and ϵ^′ data is already disfavored by the preliminary measurement of A_{ΞΛ} by HyperCP. It follows that this preliminary data already imposes a constraint on the parity-even contributions of the operators that is stronger than the bound obtained from ϵ in kaon mixing. We have explored how well the upcoming results from HyperCP may bound the coefficients of the operators in the event of null results. In that case, the data will likely yield significant constraints that are comparable to or better than those provided by kaon measurements.

Acknowledgments

I would like to thank G. Valencia for helpful comments and suggestions, and E.C. Dukes for some experimental information. This work was supported in part by the Lightner-Sams Foundation.

APPENDIX A: CHIRAL REALIZATION OF (¯3_L, 3_R) AND (3_L, ¯3_R) OPERATORS

The form of the weak Lagrangian in Eq. (9) can be inferred from the lowest-order chiral realization of the operators d̄(1 + γ_5)s and d̄(1 − γ_5)s. The reason is that these densities, like the operators Q_g and Q̃_g in Eq. (5), transform as (¯ 3_L, 3_R ) and ( 3_L, ¯3_R ) , respectively, under SU(3)_L×SU(3)_R rotations. Using L^{(2)}s in Eq. (8), one can derive the correspondences [12]

−d̄_Ls_R ⇐⇒ b_D ( ξ^†B_vB̄_v ξ^† + ξ^†B̄_vB_v ξ^† ) 32 + b_F ( ξ^†B_vB̄_v ξ^† − ξ^†B̄_vB_v ξ^† ) 32 + b_0 Σ^†_{32} ⟨¯ B_v B_v ⟩ +^1_2 f^2B_0 Σ^†_{32} , (A1)

−d̄_Rs_L ⇐⇒ b_D ( ξB_vB̄_vξ + ξB̄_v B_v ξ ) 32 + b_F ( ξB_vB̄_vξ − ξB̄_v B_vξ ) 32 + b_0 Σ_{32} ⟨¯ B_v B_v ⟩ +^1_2 f^2B_0 Σ_{32} , (A2)

where q_L =^1_2 (1 − γ_5)q and q_R =^1_2 (1 + γ_5)q. The form in Eq. (9) then follows.

It is worth noting here that each of the S- and P -wave amplitudes in Eqs. (13) and (15) vanishes if we set β_{D,F} = c b_{D,F} , β_φ = c 2 , β̃_{D,F} = c̃ b_{D,F} , β̃_φ = c̃ 2 , (A3)

with c and c̃ being constants, and also use the relations in Eq. (14) as well as

m_Σ − m_N = 2 ( b_D − b_F ) (m_s − m̂) , m_Ξ − m_Σ = −2 ( b_D + b_F ) (m_s − m̂) , (A4) derived from Eq. (8). This satisfies the requirement implied by the Feinberg-Kabir-Weinberg theorem [29] that the operators d̄(1 ± γ_5)s cannot contribute to physical amplitudes [30], and thus serves as a check for the formulas in Eqs. (13) and (15).

APPENDIX B: BAG-MODEL PARAMETERS

Here we provide the estimate in the MIT bag model of the matrix elements of the chromomagnetic operators contained in Eq. (16). The relevant calculations can be found in Refs. [31, 32]. We have ⟨ n | |g_s d̄σ^{μν} λ^a(1 ± γ_5)s G^a_{μν} | |Λ⟩ = −16 √ 6 g^2_s N^4I_M R^2 ū_nu_Λ , ⟨ Λ | |g_s d̄σ^{μν} λ^a(1 ± γ_5)s G^a_{μν} | |Ξ^0⟩ = 64 √ 6 g^2_s N^4I_M 3 R^2 ū_Λu_Ξ ,

(B1)

⟨ π^− | |g_s d̄σ^{μν} λ^a(1 ± γ_5)s G^a_{μν} | |K^−⟩ = −64 g^{2s} N^4I^M R^2 √ 2m^2_K , (B2)

where λ^a = 2t^a, only the parity-conserving part of the s → dg operators contributes, and R, N, and I_M are bag-model parameters [32]. Numerically, we choose g^2_s = 4π, corresponding to α_s = 1, and adopt R = 5.0 GeV^{−1} for the baryons and R = 3.3 GeV^{−1} for the mesons [32]. Since the weak parameters β_i and β̃_i belong to a Lagrangian which respects SU(3) symmetry [L_w in Eq. (9)], in writing Eqs. (B1) and (B2) we have employed SU(3)-symmetric kinematics. Accordingly, we take m_u = m_d = m_s = 0 and use the formulas given in Ref. [32] to obtain N = 2.27 and I_M = 1.63 × 10^{−3} for both the baryons and mesons. Finally, we note that Eq. (B2), together with the relation ⟨π^−|Q_g|K^−⟩ = − √ 2 ⟨π^0|Q_g|K̄^0⟩, leads to the matrix element [25, 33] A_{K̄π} ≡ ⟨ π^0 | |d̄σ^{μν} λ^a(1 + γ_5)s G^a_{μν} | |K̄^0⟩ = +64 g_s N^4I_M m_K /R^2 ≃ 0.4 GeV^3.

[1] J.H. Christenson et al., Phys. Rev. Lett. 13, 138 (1964); A. Alavi-Harati et al. [KTeV Collaboration], ibid. 83, 22 (1999); V. Fanti et al. [NA48 Collaboration], Phys. Lett. B 465, 335 (1999); B. Aubert et al. [BABAR Collaboration], Phys. Rev. Lett. 87, 091801 (2001); K. Abe et al. [Belle Collaboration], ibid. 87, 091802 (2001).

[2] A. J. Buras, arXiv:hep-ph/0307203; references therein.

[3] S. Okubo, Phys. Rev. 109, 984 (1958); A. Pais, Phys. Rev. Lett. 3, 242 (1959); T.Brown, S.F. Tuan, and S. Pakvasa, ibid. 51, 1823 (1983); L.L. Chau and H.Y. Cheng, Phys. Lett. B 131, 202 (1983); J.F. Donoghue and S. Pakvasa, Phys. Rev. Lett. 55, 162 (1985).

[4] K.B. Luk, arXiv:hep-ex/9803002; K.B. Luk et al. [E756 Collaboration], Phys. Rev. Lett. 85, 4860 (2000).

[5] K.B. Luk et al. [E756 and HyperCP Collaborations], arXiv:hep-ex/0005004. [6] P. Zyla [HyperCP Collaboration], Nucl. Phys. Proc. Suppl. 115 (2003) 242. [7] K. Hagiwara et al. [Particle Data Group Collaboration], Phys. Rev. D 66, 010001 (2002). [8] J.F. Donoghue, X.-G. He, and S. Pakvasa, Phys. Rev. D 34, 833 (1986).

[9] L.D. Roper, R.M. Wright, and B. Feld, Phys. Rev. 138, 190 (1965); A. Datta and S. Pakvasa, Phys.

Rev. D 56, 4322 (1997).

[10] M. Huang [HyperCP Collaboration], Talk given at the Meeting of the Division of Particles and Fields of the American Physical Society, Philadelphia, Pennsylvania, 5-8 April 2003.

[11] A. Chakravorty et al. [E756 Collaboration], Phys. Rev. Lett. 91, 031601 (2003). [12] J. Tandean and G. Valencia, Phys. Rev. D 67, 056001 (2003).

[13] M.J. Iqbal and G.A. Miller, Phys. Rev. D 41, 2817 (1990); X.-G. He, H. Steger, and G. Valencia, Phys. Lett. B 272, 411 (1991); N.G. Deshpande, X.-G. He, and S. Pakvasa, ibid. 326, 307 (1994).

[14] D. Chang, X.-G. He, and S. Pakvasa, Phys. Rev. Lett. 74, 3927 (1995); X.-G. He and G. Valencia, Phys. Rev. D 52, 5257 (1995); C.-H. Chen, Phys. Lett. B 521, 315 (2001).

[15] X.-G. He, H. Murayama, S. Pakvasa, and G. Valencia, Phys. Rev. D 61, 071701 (2000). [16] M. Lu, M.B. Wise, and M.J. Savage, Phys. Lett. B 337, 133 (1994); A. Datta and S. Pakvasa, ibid. 344, 430 (1995); A.N. Kamal, Phys. Rev. D 58, 077501 (1998); U.-G. Meissner and J.A. Oller, ibid. 64, 014006 (2001); N. Kaiser, Phys. Rev. C 64, 045204 (2001). An effective Lagrangian model is used in C.C. Barros and Y. Hama, Phys. Rev. C 63, 065203 (2001).

[17] J. Tandean, A.W. Thomas, and G. Valencia, Phys. Rev. D 64, 014005 (2001). [18] A.J. Buras et al., Nucl. Phys. B 566, 3 (2000).

[19] F. Gabbiani, E. Gabrielli, A. Masiero, and L. Silvestrini, Nucl. Phys. B 477, 321 (1996); A. Masiero and H. Murayama, Phys. Rev. Lett. 83, 907 (1999); X.-G. He and G. Valencia, Phys. Rev. D 61, 075003 (2000); G. Colangelo, G. Isidori, and J. Portoles, Phys. Lett. B 470, 134 (1999); J. Tandean, Phys. Rev. D 61, 114022 (2000); J. Tandean and G. Valencia, ibid. 62, 116007 (2000).

[20] G. D’Ambrosio, G. Isidori, and G. Martinelli, Phys. Lett. B 480, 164 (2000); A. Messina, ibid. 538, 130 (2002); G. D’Ambrosio and D.N. Gao, JHEP 0207, 068 (2002); D.N. Gao, Phys. Rev. D 67, 074028 (2003).

[21] J. Bijnens, H. Sonoda, and M.B. Wise, Nucl. Phys. B261, 185 (1985).

[22] E. Jenkins and A.V. Manohar, Phys. Lett. B 255, 558 (1991); ibid. 259, 353 (1991); in Effective Field Theories of the Standard Model, edited by U.-G. Meissner (World Scientific, Singapore, 1992).

[23] E. Jenkins, Nucl. Phys. B368, 190 (1992); N. Kaiser, P.B. Siegel, and W. Weise, Nucl. Phys. A594, 325 (1995); N. Kaiser, T. Waas, and W. Weise, ibid. A612, 297 (1997); J. Caro Ramon, N. Kaiser, S. Wetzel, and W. Weise, ibid. A672, 249 (2000); C.H. Lee, G.E. Brown, D.-P. Min, and M. Rho, ibid. A585, 401 (1995); J.W. Bos et al., Phys. Rev. D 51, 6308 (1995); ibid. 57, 4101 (1998); G. Müller and U.-G. Meissner, Nucl. Phys. B492, 379 (1997).

[24] E. Jenkins, Nucl. Phys. B375, 561 (1992).

[25] J.F. Donoghue and B.R. Holstein, Phys. Rev. D 32, 1152 (1985); H.-Y. Cheng, ibid. 34, 1397 (1986). [26] A. Manohar and H. Georgi, Nucl. Phys. B234 189 (1984); H. Georgi and L. Randall, ibid. B276 241 (1986); S. Weinberg, Phys. Rev. Lett. 63, 2333 (1989).

[27] A. Abd El-Hady and J. Tandean, Phys. Rev. D 61, 114014 (2000).

[28] B. Borasoy and U. G. Meissner, Annals Phys. 254, 192 (1997); A. Abd El-Hady, J. Tandean, and G. Valencia, Nucl. Phys. A 651, 71 (1999); R.P. Springer, Phys. Lett. B 461, 167 (1999).

[29] G. Feinberg, P. Kabir, and S. Weinberg, Phys. Rev. Lett. 3, 527 (1959).

[30] J.F. Donoghue and B.R. Holstein, Phys. Rev. D 33, 2717 (1986); J.F. Donoghue, E. Golowich, and B.R. Holstein, Phys. Rept. 131, 319 (1986).

[31] J.F. Donoghue, E. Golowich, and B.R. Holstein, Phys. Rev. D 15, 1341 (1977). [32] J.F. Donoghue, E. Golowich, B.R. Holstein, and W.A. Ponce, Phys. Rev. D 23, 1213 (1981). [33] J.F. Donoghue, J.S. Hagelin, and B.R. Holstein, Phys. Rev. D 25, 195 (1982).