arXiv:hep-ph/0201191 v3 17 Jun 2002

CP Violation in the Decay η → π^+π^−γ

C. Q. Geng^{a,b}, J. N. Ng^b, and T. H. Wu^{a,b}

aDepartment of Physics, National Tsing Hua University Hsinchu, Taiwan, Republic of China

bTheory Group, TRIUMF, 4004 Wesbrook Mall Vancouver, B.C. V6T 2A3, Canada

Abstract

We study the CP violating effects in the decay of η → π^+π^−γ. We show that to have CP violation in the decay, one has to consider both linear and circular photon polarizations. In the standard model, the polarizations are vanishingly small. However, model-independently, i.e. using only experimental constraint imposed by the limit on Br(η → π^+π^−) it can be up to O(10%). We also explore various possible operators and we find that the tensor type operator, possibly arising from a nonzero CP violating electric dipole moment of the strange quark, can induce a sizable linear photon polarization.

Both CP violation (CPV) and time-reversal (T) violation (TV) have been measured experimentally in the K^0 system [1]. More recently, CPV has also been seen in another flavor-changing B-meson decays [2]. However, the origin of the violations remains unclear. In the standard model, CPV or TV arises from a unique physical phase in the Cabibbo-Kobayashi-Maskawa (CKM) quark mixing matrix [3]. It is also intimately connected to flavor changing processes. To ensure that this phase is indeed the source of CP or T violation, and to gain a deeper understanding of the phenomenon one needs to look for new CPV interactions; especially those outside the K^0 system. It would be particularly interesting if CP or T symmetry is also violated in flavor-conserving processes such as η decays and the neutron electric dipole moment (d_n) [4, 5]. The information here is very limited. Thus far the efforts have been concentrated mainly in the search for the electric dipole moments (EDM) of the neutron and the electron and a few nuclear reactions ( for a review see [6] ). For EDM’s, the experimental limit of d_n < 10^{−25}e cm, which is far from the standard model prediction of O(10^{−32})e cm, provides stringent constraints on various CP violating models beyond the CKM paradigm. However, it is known that it will be very hard to improve the limit for another few orders due to limitations of current technology.

In this paper we wish to investigate the use of η to decays as probes of CPV in the flavor conserving sector. This is prompted by the possibility of producing a large number of η mesons in high statistics experiments. This new possibility can provide us with tools to gain more knowledge on rare η decay processes and offer unique probes of new physics. As we shall see the η meson can yield complementary information on strangeness conserving CPV which can only be indirectly gleamed from neutron EDM studies.

To begin we will study CPV effects in

η(p) → π^+(p_+)π^−(p_−)γ(k, ϵ) , (1)

where ϵ is the photon polarization and obvious kinematics notation. This decay has a branching ratio of 4.75 percent and relatively simple final states. Under the Lorentz and gauge invariances, the general amplitude for the decay in Eq. (1) is given by M = i m^3_η

{−Mε_{μνρλ}p^μ_+p^ν_−k^ρϵ^λ + E[(ϵ · p_+)(k · p_−) − (ϵ · p_−)(k · p_+)]} , (2)

where the terms corresponding to M and E stand for magnetic and electric transitions, which are P-conserving and violating, respectively, since C(η) = + and P (η) = −. We note that since C(π^+π^−γ) = (−1)^{l+1} with l being the angular momentum of the dipion, the π^+π^− state has to be in an odd angular momentum state if C is conserved. The diagrams that contribute to the decay in Eq. (1) are shown in Figure 1. We note that the terms associated with M and E in Eq. (2) are given only up to third order in momenta and M and E are functions of Lorentz scalars.

In the η rest frame , without loss of generality we can choose the decay to be in the x − z plane . In this frame, the photon momentum can be directed along the z-axis and we denote its energy by E_γ . The amplitude in Eq. (2) then becomes M = im^{−2}_η E_γ [Mk̂ · (⃗ϵ × ⃗p_+) − E⃗ϵ · ⃗p_+] . (3) If both M and E are C-even states, i.e., M = M(s, (k · q)^2) and E = E(s, (k · q)^2) with s = (p_+ +p_−)^2 = m^2_η −2m_ηE_γ and q = p_+ −p_−, the terms with M and E in Eq. (2) are (C, P, CP)=(+,-,-) and (+,+,+). In the absence of final state interactions, M and E are purely real due to the CP T theorem. In this case, the existence of the E term is clearly a indication of direct CP violation since CP (η) = −. We note that M and E are C-odd if M = m^{−2}_η k · q M^′(s, (k · q)^2) and E = m^{−2}_η k · q E^′(s, (k · q)^2) [7, 8]. The C violating interaction with C(M) = − can be induced in models such as noncommutative QED associated with studies in string theory [9] through η → 3γ [10]. However, the effect is negligibly small and experimentally it is consistent with zero [11].

In general, to observe a CP violating effect, one needs to study the interference between the M and E terms with explicit photon polarization. To show this, we write the squared amplitude from Eq.(3) as

|M|^2 = m^{−4}_η E^2_γ { |M|^2|k̂ · (⃗ϵ × ⃗p_+)|^2 + |E|^2|⃗ϵ · ⃗p_+|^2+ E^∗M[k̂ · (⃗p_+ × ⃗ϵ)] (⃗ϵ · ⃗p_+)^∗ + M^∗E[k̂ · (⃗p_+ × ⃗ϵ)]^∗ (⃗ϵ · ⃗p_+) } . (4)

It is easily seen that the interference terms in Eq. (4) are related to the triple momentum correlation of ⃗k · (⃗p_+ ×⃗ϵ), which is odd under the time-reversal transformation. Observing this correlation would be a sign of direct T violation. By summing over photon polarizations, from Eq. (4) the partial decay rate of the Dalitz plot density is dΓ dE_+ dE_− = 1 64π^3m_η ∑ spin |M|^2 ∝ |E|^2 + |M|^2 , (5)

where E_± are the π^± energies. In terms of E_γ , it can be also written as dΓ dE_γ d cos θ = 1 512π^3 ( E_γ m_η )_3

β^3 ( 1 − 2E_γ m_η ) sin^2 θ [ |E|^2 + |M|^2 ] , (6)

where β = (1 − 4m^2_π /s)^{1/2} and θ is the angle between π^+ and γ in the π^+π^− rest frame. As seen from Eqs. (5) and (6), there is no interference term between M and E, and therefore, no CP or T violation can be detected without the explicit measurement of the photon polarization.

From Eq. (4), we can define the photon polarization in terms of the well known density matrix^a ρ = ( |E|^2 E^∗M EM^∗ |M|^2 ) = 1 2 ( |E|^2 + |M|^2 ) [ 1l + ⃗S(E_γ , θ) · ⃗τ ] (7) where ⃗τ = (τ_1, τ_2, τ_3) denotes the Pauli matrices, and ⃗S is the Stokes vector of the photon with components

S_1(E_γ , θ) = 2Re (E^∗M) / ( |E|^2 + |M|^2 ) , S_2(E_γ , θ) = 2Im (E^∗M) / ( |E|^2 + |M|^2 ) , S_3(E_γ , θ) = ( |E|^2 − |M|^2 ) / ( |E|^2 + |M|^2 ) , (8)

respectively. Here, we have used

⃗ϵ_1 = (⃗p_+ × ⃗k) × ⃗k |(⃗p_+ × ⃗k) × ⃗k| , ⃗ϵ_2 = ⃗p_+ × ⃗k |⃗p_+ × ⃗k| , (9)

as the two independent polarization vectors. The Stokes parameters S_{1,2} in Eq. (8) can be expressed as

S_{1(2)}(E_γ , θ) = dΓ_{+(L)} − dΓ_{−(R)} dΓ_{+(L)} + dΓ_{−(R)}

, (10)

where dΓ_± and dΓ_{L,R} refer to photons polarized in the directions ⃗ϵ_± = 1 √ 2 (⃗ϵ_2 ± ⃗ϵ_1) , (11)

which is 45^0 with respect to the decay plane, and ⃗ϵ_{L,R} = 1 √ 2 (1, ∓i, 0) , (12)

respectively. We can also define the integrated Stokes parameters S_i(E_γ ), for example, by integrating θ in Eq. (10) for each dΓ_α (α = ±, L, R). The two parameters of S_{1,2} are sometimes called as the linear and circular polarizations. It is clear that S_1 and S_2 are related to CPV. If E = 0, one has that S_1 = S_2 = 0 and S_3 = −1 and there is no CP violation.

aThe analysis for the photon polarization in the case of K_L → π^+π^−γ can be found in Ref. [12].

Phenomenologically, the decay rate of η → π^+π^−γ is described by the magnetic term from the box-anomaly and resonance contributions [13]. Explicitly, for example, in a chiral model it was found that [14, 15, 16]

M = M^+(s) ≃ − em^3_η 4π^2f^3_π × √ 3 6 ( 1 − 3m^2_ρ m^2_ρ − s ) , (13)

where C(M^+) = +, f_π = 93 MeV and m_ρ = 770 MeV . From Eq. (13), we see that the dominant contribution to the decay is from a C-even state. If we include terms that are higher order in momentum and thus nonleading we have

M = M^+ + M^− , E = E^+ + E^− , (14)

where C(M^±, E^±) = ±. With final state interactions, in Table 1, we show the possible violations of symmetries for the photon polarizations S_i with M and E given in Eq. (14).

Table 1: Possible violations of symmetries for the photon polarizations S_i due to the interferences between M^+ and M^−, E^± with final state interactions.

Interference S_1 S_2 S_3 M^+M^− − − C, CP M^+E^+ P , CP P , CP − M^+E^− C, P C, P −

Table 2: Same as Table 1 but without final state phases.

Interference S_1 S_2 S_3 M^+M^− − − − M^+E^+ P , CP − − M^+E^− − C, P −

We now study the possible interactions which would yield the electric transitions in Eq. (2). First of all, it is easy to see that the E term can be induced first going through the π^+π^− intermediate state which violates CP symmetry because CP (π^+π^−) = +, and then radiating the photon from the pions. These bremsstrahlung terms are shown in Figures 1b and 1c. Explicitly, we have that

E^+(η → (π^+π^−)^∗ → π^+π^−γ) = em^3_ηg_{ηππ} (p_+ · k)(p_− · k)

, (15) where g_{ηππ} is the effective coupling for η → π^+π^−. From the experimental limit of Br(η → π^+π^−) < 3.3 × 10^{−4}, we find that |g_{ηππ} |^{exp} < 1.2 × 10^{−4} GeV . (16) To illustrate the order of limits on the CP violating effects, in Figure 2, by using Eqs. (10), (13) and (15), we show S_1(E_γ ) with a real upper value of g_{ηππ} in Eq. (16). However, if we assume that the relative strong phase^b between the terms of M^+ and E^+ is δ, i.e., g_η = |g_η|e^{iδ}, from Figure 2, we get that

|S_{1,2}(E_γ )| < 0.2 cos δ , 0.2 sin δ , and S_3 ≃ −1 , (17)

for E_γ > 20 MeV . It is interesting to see from Eq. (17) that one can get rid of the strong phase by measuring S^2_1 + S^2_2 to give the pure CP violating effect.^c Within the Standard model the sources for the decay of η → π^+π^− can arise from the CKM phase, and/or the strong θ term in QCD [17, 18]. New physics such as spontaneous CP violating models can also lead to this decay [19]. From the experimental data on CP violation, it is found that [18, 19] |g_{ηππ} | are less than 2.6 × 10^{−16}, 2 × 10^{−10}, and 5 × 10^{−11} GeV , for the above three sources, respectively. In these cases, the CP violating effect such as the parameters of |S_{1,2}| are expected to be less than 2.2×10^{−12}, 1.7×10^{−6} and 4.2×10^{−7}, respectively, which are vanishingly small and thus undetectable. This is not surprising at all since the constraints from the CP violating parameters from ϵ and ϵ^′ in the K^0-system as well as d_n are very strong in these models. To evade these constraints, one has to search for some unconventional sources of CPV which do not contribute directly to ϵ, ϵ^′ and d_n and yet has a contribution in η → π^+π^−γ. This leads us to search for operators that do not contribute directly to η → π^+π^− and the well studied K^0 decays. Hence, we construct flavor-conserving CP violating four-fermion operators involving two strange quarks together with combinations of other light quarks.

Explicitly, we study the four-fermion operator, given by O = 1 m^3_η G s̄iσ_{μν} γ_5(p − k)^ν s ūγ^μu , (18) where u(s) stands for the up (strange) quark and G is a dimensionless parameter originating from short distance physics and it can be taken real due to the CPT theorem and taking C(G) = +. We note that there is no charge asymmetry in the decay due to the C invariance and we also note that one may discuss similar operators with appropriate color generators and indices included in Eq. (18).

To calculate its contribution to η → π^+π^−γ, we use a factorization approximation that the π^+π^− part is from q̄γ^μq and the ηγ transition involves only part containing

b The dipion state for the M^+ transition in Eq. (13) is in a state of angular momentum l_{ππ} = 1 and isospin I = 1, while that in Eq. (15) is l_{ππ} = 0 and isospin I = 0, with the final state phase shifts being δ^1 and δ^0 , respectively, and δ = δ^1 − δ^0 .

cWe note that S^2_1 + S^2 = 1 − S^2_3 which is zero if there is no CP violation.

strangeness, i.e., < η|O|π^+π^−γ > ∼ 1 m^3_η G < η|s̄iσ_{μν} γ_5(p − k)^ν s|γ >< 0|ūγ^μ u|π^+π^− > . (19) This can be viewed as the photon being emitted directly from the structure part shown in Figure 3. We define the form factors for the η → γ transition by < η|s̄iσ_{μν} γ_5(p − k)^ν s|γ > = ie [ϵ_μ(k · p) − (ϵ · p)k_μ] F (s) m_η . (20)

The form factor of F (s) can be estimated in various QCD models such as the light front quark model (LFQM) [20] and the relativistic quark model (QM) [21]. In the LFQM [20], we find that, for example, F (0) ∼ 0.19 which is consistent with the result from the QM [21]. We shall assume that F (s) ∼ F (0) to illustrate our numerical values for CP violation.

From Eqs. (18) and (20), we obtain that E ∼ 2eF (s)G . (21) For G < O(1), we have that |M| >> |E|. From Eqs. (10), (13) and (21), we find that

S_1(E_γ , θ) = S_1(E_γ ) ∼

96π^2F (s)G √ 3 ( f_π m_η )_3 (

m^2_ρ − s 2m^2_ρ + s ) , S_2 ∼ 0 , and S_3 ∼ −1 , (22)

where we have assumed that C(G) = +, i.e., E ∼ E^+. The results in Eq. (22) indicate that the only interesting CPV observable is the linear polarization S_1 unless G are C-odd, such as when they contain higher order momentum terms, i.e. G ∝ k·q. But in this case the circular polarization of S_2 which can be non-zero are both CP and T conserving as shown in Table 2 and therefore we shall not discuss it in the remaining of the paper. In Figure 4, we show the linear polarization of the Stokes parameter S_1 as a function of E_γ = (m^2_η − s)/2m_η with G ∼ 1. For the maximal energy of the photon, i.e., E_γ ≃ 0.2 GeV , S_1(E_γ ) is about 21%.

We now discuss possible constraints on G and models that may lead to the operator in Eq. (18). As we mentioned previously, the operator in Eq. (18) cannot directly generate the decay of η → π^+π^−. It is also important to note that it cannot dircetly induce d_n either; unlike the scalar-type operators studied in Ref. [22]. There are basically no direct constraints for G from both low and high energy experiments. In principle, G ∼ O(1) is allowed. A search for the photon polarization in η → π^+π^−γ will therefore provide interesting limits on G in the event of a negative search.

Our study have focused on the general aspects of CP V in Eq.(1) and appeal to experimantal bounds as much as possible without committing to models explicit of

CP violation. However, one would be wondering how the operator in Eq. (18) can be realized from some theoretical models.

In the standard model, there is no contribution to the operator in Eq. (18) at the lowest order and also to 1-loop. However, the operator can be induced in models in which the strange quark has an EDM. But, it has to be generated from a weak loop in a CP violating theory as well. Details are highly model dependent; however, we can expect that G will not be larger than G_F m^2_η ≃ 0.35 × 10^{−5}. This leads to the expectation that S_1 is less than 10^{−6}.

Finally, we remark that the operator given by the replacement of s by u or d in Eq. (18) can also induce S_1 but it is very small due to the constraint from the neutron EDM.

Acknowledgments

This work was supported in part by the National Science Council of the Republic of China under Contract No. NSC-90-2112-M-007-040 and National Science and Engineering Research Council of Canada.

References

[1] CPLEAR Collaboration, A. Angelopoulos et al., Phys. Lett. B444, 43 (1998). [2] BABAR Collaboration, B. Aubert et al., Phys. Rev. Lett. 87, 091801 (2001);

BELLE Collaboration, A. Abashian et al., Phys. Rev. Lett. 87, 091802 (2001). [3] N. Cabibbo, Phys. Rev. Lett. 10, 531 (1963); M. Kobayashi and T. Maskawa, Prog. Theor. Phys. 49, 652 (1973).

[4] C. Q. Geng and J. N. Ng, Phys. Rev. Lett. 62, 2645 (1989); Phys. Rev. D 42, 1509 (1990).

[5] P. Herczeg, LA-UR-90-2984, Invited talk given at Int. Workshop on Rare Decays of Light Mesons, Gif-Sur-Yvette, France, Mar 29-30, 1990.

[6] I.B. Khriplovich and S.K. Lamoreaux, CP Violation without Strangeness Springer-Verlag, 1997 [7] T.D. Lee and C.S. Wu, Ann. Rev. Nucl. Part. Sci. 16, 511 (1966). [8] P. Herczeg and P. Singer, Phys. Rev. D8, 4107 (1973). [9] M.M. Sheikh-Jabbari, Phys. Rev. Lett. 84, 5265 (2000). [10] H. Grosse and Y. Liao, hep-ph/0104260.

[11] D.E. Groom, et al. (Particle Data Group), Eur. Phys. J. C 15, 1 (2000). [12] L. M. Sehgal and J. van Leusen, Phys. Rev. Lett. 83, 4933 (1999). See also L. M. Sehgal, arXiv:hep-ph/9908338; Nucl. Phys. Proc. Suppl. 99B, 127 (2001) [arXiv:hep-ph/0011149].

[13] M.K. Volkov and A.A. Osipov, Sov. J. Nucl. Phys. 55, 107, (1992); M. Benayoun, P. Leruste, L. Montanet, and J.L. Narjoux, Z. Phys. C65, 399 (1995); M.A. Ivanov and T. Mizutani, hep-ph/9710514; V. Kisselev and V.A. Petrov, Phys. Atom. Nucl. 63, 499 (2000).

[14] M. Gormley et al., Phys. Rev. D2, 501 (1970); J.G. Layter et al., Phys. Rev.

D7, 2565 (1973).

[15] C. Picciotto, Phys. Rev. D45, 1569 (1992). [16] For a recent review, see B.R. Holstein, hep-ph/0112150.

[17] G. ’t Hooft, Phys. Rev. Lett. 37, 8 (1976); R.J. Crewther, P. Di Vecchia, G.

Veneziano, and E. Witten Phys. Lett. B88, 123 (1979); Erratum-ibid, B91, 487 (1980); M.A. Shifman, A.I. Vainshtein, and V.I. Zakharov, Nucl. Phys. B166, 494 (1980).

[18] C. Jarlskog and E. Shabalin, Phys. Rev. D52, 248 (1995). [19] C. Jarlskog and E. Shabalin, Phys. Rev. D52, 6327 (1995). [20] C.Q. Geng, C.C. Lih, and W.M. Zhang Phys. Rev. D57, 5697 (1998); Phys.

Rev. D62, 074017 (2000).

[21] A.A. Poblaguev, Phys. Lett. B238, 108 (1990).

[22] V. M. Khatsimovsky, I. B. Khriplovich and A. R. Zhitnitsky, Z. Phys. C 36, 455 (1987); C. Hamzaoui and M. Pospelov, Phys. Rev. D60, 036003 (1999).

Figure 1: Diagrams which contribute to η → π^+π^−γ.

Figure 2: The Stokes parameter S_1(E_γ ) as a function of E_γ due to η → π^+π^−.

Figure 3: Structure dependent contribution to η → π^+π^−γ.

Figure 4: The Stokes parameter S_1(E_γ ) as a function of E_γ due to the operator in Eq. (18).