arXiv:hep-ph/0112038 v1 4 Dec 2001

Spin Alignment of Heavy Meson Revisited

J.P. Ma Institute of Theoretical Physics, Academia Silica, P.O.Box 2735, Beijing 100080, China e-mail: majp@itp.ac.cn

Abstract

Using heavy quark effective theory a factorized form for inclusive production rate of a heavy meson can be obtained, in which the nonperturbative effect related to the heavy meson can be characterized by matrix elements defined in the heavy quark effective theory. Using this factorization, predictions for the full spin density matrix of a spin-1 and spin-2 meson can be obtained and they are characterized only by one coefficient representing the nonperturbative effect. Predictions for spin-1 heavy meson are compared with experiment performed at e^+e^− colliders in the energy range from √ s = 10.5GeV to √ s = 91GeV, a complete agreement is found for D^∗- and B^∗-meson. There are distinct differences from the existing approach and they are discussed.

Heavy quark effective theory(HQET) is a powerful tool to study properties of heavy hadrons which contain one heavy quark Q [1,2]. With HQET it allows such a study starting directly from QCD. HQET is widely used in studied of decays of heavy hadrons. In comparison, only in a few works it is used to study productions of heavy hadrons. In 1994 Falk and Peskin used HQET to predict spin alignment of a heavy hadron in its inclusive production [3]. In this talk we will reexamine the subject and restrict ourself to the case of spin-1 meson.

A spin-1 heavy meson H^∗ is a bound state of a heavy quark Q and a system of light degrees of freedom in QCD, like gluons and light quarks. In the work [3] the total angular momentum j of the light system is taken as 1/2. In the heavy quark limit, the orbital angular momentum of Q can be neglected and only the spin of Q contributes to the total spin of H^∗. Once the heavy quark Q is produced, it will combine the light system into H^∗. Because parity is conserved in QCD, the probabilities for the light system with positive- and negative helicity is the same. Therefore, one can predict the probabilities for production of H^∗ with a left-handed heavy quark Q as:

P (B̄^∗(λ = −1)) : P (B̄^∗(λ = 0)) : P (B̄^∗(λ = 1)) = 1 2 : 1 4 : 0, (1)

where λ is the helicity of H^∗. These results are easily derived, however, three questions or comments can be made to them:

(a). In general the spin information is contained in a spin density matrix, probabilities are the diagonal part of the matrix. The question is how about the non-diagonal part. It should be noted that this part is also measured in experiment.

(b). It is possible that the light system can have the total angular momentum j = 3/2 to form H^∗. One may argue that the production of such a system is suppressed. Is it possible to derive full spin density matrix without the assumption of j = 1/2?

(c). How can we systematically add corrections to the approximation which lead to the results in Eq.(1)?

To make responses to these questions let us look at a inclusive production of H^∗ in detail. In its inclusive production a heavy meson is formed with a heavy quark Q and with other light degrees of freedom, the light degrees can be a system of light quarks and gluons. Because its large mass m_Q the heavy quark is produced by interactions at short distance. Therefore the production can be studied with perturbative QCD. The heavy quark, once produced, will combine light degrees of freedom to form a hadron, the formation is a long-distance process, in which momentum transfers are small, hence the formed hadron will carry the most momentum of the heavy quark. The above discussion implies the production rate can be factorized, in which the perturbative part is for the production of a heavy quark, while the nonperturbative part is for the formation. For the nonperturbative part an expansion in the inverse of m_Q can systematically be performed in the framework of HQET. This type of the factorization was firstly used in parton fragmentation into a heavy hadron [4].

In this talk we will not discuss the factorization in detail, the details can be found in the work [5]. We directly give our results and make a comparison with experiment. It should be noted that the factorization can be performed for any inclusive production of H^∗. Because the most experiments to measure spin alignment are performed at e^+e^−-colliders, we present the results for the inclusive production at e^+e^−-colliders. We consider the process

e^+(p) + e^−(−p) → H^∗(k) + X, (2)

where the three momenta are given in the brackets. In the process we assume that the initial beams are unpolarized. We denote the helicity of H^∗ as λ and λ = −1, 0, 1. All information about the polarization of H^∗ is contained in a spin density matrix, which may be unnormalized or normalized, we will call them unnormalized or normalized spin density matrix, respectively. The unnormalized spin density matrix can be defined as R(λ, λ^′, p, k) = ∑ X ⟨H^∗(λ)X|T |e^+e^−⟩ · ⟨H^∗(λ^′)X|T |e^+e^−⟩^∗, (3) where the conservation of the total energy-momentum and the spin average of the initial state is implied. T is the transition operator. The cross-section with a given helicity λ is given by: σ(λ) = 1 2s ∫ d^3k (2π)^3 R(λ, λ, p, k). (4) From Eq.(3) the normalized spin density matrix is defined by

ρ_{λλ}′ (p, k) = R(λ, λ^′, p, k) ∑ λ R(λ, λ, p, k) . (5)

It should be noted that the normalized spin density matrix is measured in experiment. It is straightforward to perform the mentioned factorization for the unnormalized spin density matrix in the rest frame of H^∗, which is related to the moving frame only by a Lorentz boost. In the rest frame we can define a creation operator for H^∗: |H^∗(λ)⟩ = a^†(λ)|0⟩ = ϵ(λ) · a^†|0⟩. (6) where ϵ(λ) is the polarization vector. In the rest frame the field h_v of the heavy quark Q in HQET has two non-zero components. We denote them as:

h_v(x) = ( ψ(x) 0 ) . (7)

With these notations we define two operators:

O(H^∗) = 1 6 Trψa^†_i a_iψ^†, O_s(H^∗) = i 12 Trσ_iψa^†_ja_kψ^†ε_{ijk} , (8) where ε_{ijk} is the totally antisymmetric tensor and σ_i(i = 1, 2, 3) is the Pauli matrix. The results for the unnormalized spin density matrix read: R(λ, λ^′, p, k) = 1 3 a(p, k)⟨0|O(H^∗)|0⟩ϵ^∗(λ) · ϵ(λ^′) + i 3 b(p, k) · [ϵ^∗(λ) × ϵ(λ^′)] · ⟨0|O_s (H^∗)|0⟩ + O(m^{−2}_Q ). (9)

The quantities a(p, k) and b(p, k) characterize the spin density matrix of the heavy quark Q produced in the inclusive process:

e^+(p) + e^−(−p) → Q(k, s) + X (10)

where s is the spin vector of Q in its rest frame and the rest frame is related to the moving frame only by a Lorentz boost. The unnormalized spin density matrix R_Q(s, p, k) of Q can be defined by replacing H^∗(λ) with Q(k, s) in Eq.(3). This matrix can be calculated with perturbative theory because of the heavy mass. The result in general takes the form

R_Q(s, p, k) = a(p, k) + b(p, k) · s (11)

where a(p, k) and b(p, k) are the same in Eq.(9). The physical interpretation for Eq.(9) is the following: The coefficients a(p, k) and b(p, k) characterize the production of Q and they can be calculated with perturbative QCD, while the two matrix elements defined in HQET characterize the nonperturbative effects of the formation of H^∗ with the heavy quark Q. With Eq.(9) we obtain:

ρ(p, k) = 1 3 1 + P_3, −P_+, 0 −P_−, 1, −P_+ 0, −P_−, 1 − P_3 , (12) with

P_3 = b_3(p, k) a(p, k) · ⟨0|O_s(H^∗)|0⟩ ⟨0|O(H^∗)|0⟩ , P_± = b_1(p, k) ± ib_2(p, k) √ 2a(p, k) · ⟨0|O_s(H^∗)|0⟩ ⟨0|O(H^∗ )|0⟩ , (13)

The indices of the matrix in Eq.(12) run from -1 to 1. Without knowing the coefficients and the matrix elements we can already predict that ρ_{00} = 1/3 and ρ_{1−1} = ρ_{−11} = 0.

With these results we are in position to compare with experiment. The experiments to measure the polarization of B^∗ are performed at LEP with √ s = M_Z by different experiments groups. To measure the polarization the dominant decay B^∗ → γB is used, where the polarization of the photon is not observed. Because the parity is conserved and the distribution of the angle between the moving directions of γ and of B^∗ is measured, one can only determine the matrix element ρ_{00}. If we denote θ is the angle between the moving directions of B^∗ and of γ in the B^∗-rest frame and ϕ is the azimuthal angle of γ, then the angular distribution is given by W_B∗_{→Bγ} (θ, ϕ) ∝ ∑ λλ^′ ρλλ^′ (δλλ^′ − Y_{1λ}(θ, ϕ)Y^∗_{1λ}′ (θ, ϕ)). Integrating over ϕ and using our result ρ_{00} = 1/3, the distribution of θ is isotropic. In experiment one indeed finds that the distribution is isotropic in θ. The experimental results at √ s = M_Z are [6–8]:

ρ_{00} = 0.32 ± 0.04 ± 0.03, DELPHI ρ_{00} = 0.33 ± 0.06 ± 0.05, ALEPH, ρ_{00} = 0.36 ± 0.06 ± 0.07, OPAL. (14)

These results agree well with our prediction ρ_{00} = 1/3.

The polarization measurement for D^∗-meson has been done with different √ s, in some experiments the non-diagonal part of the spin density matrix has also been measured by measuring azimuthal angular distribution in D^∗ decay, where the decay mode into two pseudo-scalars, i.e., D^∗ → Dπ, is used. Denoting θ as the angle between the moving directions of D^∗ and of π in the D^∗-rest frame and ϕ as the azimuthal angle of π, then the angular distribution of π is given by W_D∗_{→Dπ} (θ, ϕ) ∝ ∑ λλ^′ ρλλ^′ Y1λ(θ, ϕ)Y ∗ 1λ^′ (θ, ϕ). Integrating over ϕ and using our result ρ00 = 1/3,

the distribution of θ is again isotropic. The experimental results are summarized in Table 1 and also partly summarized in [9].

From Table 1. we can see that the ρ_{00} measured by all experimental groups is close to the prediction ρ_{00} =^1_3 , the most precise result is obtained by CLEO, its deviation from the prediction is 2%, the largest deviation of the prediction is from the result made by OPAL at √ s = 90GeV, it is 20%. In general, ρ_{00} depends on the energy of H^∗. Our results in Eq.(17) give that ρ_{00} is a constant in the heavy quark limit, or the energy dependence is suppressed by m^{−2}_Q . In experiment only a very weak energy dependence is observed, e.g., in CLEO results [10]. From our results ρ_{1−1} is exactly zero in the heavy quark limit, the results from TPC and from HRS are in consistent with our result, a non zero value is obtained by OPAL, which has a 3σ deviation from zero. These deviations may be explained with effects of higher orders in m^{−1}_c , these effects are expected to be substantial, because m_c is not so large. It is interesting to note only results from OPAL at √ s = 91GeV have the largest deviations from our predictions, while results from other groups agree well with our predictions. At √ s = 10.5GeV or 29GeV, the effect of the Z-boson exchange can be neglected, hence the parity is conserved. We obtain ρ_{10} = 0. This prediction is also in agreement with the experimental result made by TPC and by HRS.

Table 1. Experimental Results for D^∗

Collaboration √ s in GeV Results CLEO [10] 10.5 ρ_{00} = 0.327 ± 0.006 HRS [11] 29 ρ_{00} = 0.371 ± 0.016 ρ_{1−1} = 0.04 ± 0.03 ρ_{10} = 0.00 ± 0.01 TPC [12] 29 ρ_{00} = 0.301 ± 0.042 ± 0.007 ρ_{1−1} = 0.01 ± 0.03 ± 0.00 ρ_{10} = 0.03 ± 0.03 ± 0.00 SLD [13] 91 ρ_{00} = 0.34 ± 0.08 ± 0.13 OPAL [8] 91 ρ_{00} = 0.40 ± 0.02 ± 0.01 ρ_{1−1} = −0.039 ± 0.014

Since our results are derived without knowing the total angular momentum j of the light degrees of freedom in the heavy meson, the agreement of our results with experiment can not be used to extract the information about j from the experimental data in Eq.(19) and in Table 1., although ρ_{00} = 1/3 can also be obtained by taking j = 1/2. One way to extract j may be to measure the difference between ρ_{11} − ρ_{−1−1}, but it seems not possible, because the polarization of H^∗ is measured through its parity-conserved decay and the polarization of decay products is not observed in experiment. In the heavy quark limit, the nondiagonal element ρ_{1−1} and ρ_{−11} are zero, while the other nondiagonal matrix elements are nonzero if the parity is not conserved and the initial state is unpolarized. At higher orders in m^{−1}_Q this can be changed, e.g., H^∗ can have tensor polarization.

The factorization can also be done for inclusive productions of a spin-2 meson. The results can be found in the work [5]. Experimentally only the spin alignment of D^∗_2 (2460) is measured with large errors. But the experimental results seem to be not in agreement with the predictions. The reason can be the large effect from corrections at higher orders of m^1_c .

To summarize: Using the approach of QCD factorization and employing HQET, we obtain predictions of full spin density matrices of spin-1- and spin-2 heavy meson. The leading order predictions for a spin-1 meson agree well with experiment. Within the approach the three questions asked before are answered. Although we have given in this talk detailed predictions for inclusive production of a spin-1 heavy meson at an e^+e^− collider, our approach can be easily generalized to other inclusive productions, testable predictions can be made without a detailed calculation, for example, in inclusive production of B^∗ at an electron-hadron- or a hadron-hadron collider we always have the prediction ρ_{00} = 1/3 and ρ_{−11} = ρ_{1−1} = 0 in the heavy quark limit.

REFERENCES

[1] N. Isgur and M.B. Wise, Phys. Lett. B232 (1989) 113, ibid B237 (1990) 527 E. Eichten and B. Hill, Phys. Lett. B234 (1990) 511 B. Grinstein, Nucl. Phys. B339 (1990) 253 H. Georgi, Phys. Lett. B240 (1990) 447 [2] M. Neubert, Phys. Rept. C245 (1994) 259

M. Shifman, Lectures given at Theoretical Advanced Study Institue QCD and Beyond, Unversity Colorado, June 1975, hep-ph/9510377 [3] A.F. Falk and M.E. Peskin, Phys. Rev. D49 (1994) 3320 [4] J.P. Ma, Nucl. Phys. B506 (1997) 329 [5] J.P.Ma, hep-ph/0111237, to appear in Nucl. Phys. B.. [6] P. Abreu et al., DELPHI Collaboration, Z. Phys. C68 (1995) 353 [7] D. Buskulic et al., ALEPH Collaboration, Z. Phys. C69 (1993) 393 [8] K. Ackerstaff et al., OPAL Collaboration, Z. Phys. C74 (1997) 437 [9] T.H. Kress, hep-ex/0101047, to be published in the proceedings of 30th International Symposium on Multiparticle Dynamics (ISMD 2000) [10] G. Brandenburg et al., CLEO Collaboration, Phys. Rev. D58 (1998) 052002 [11] S. Abachi et al., HRS Collaboration, Phys. Lett. B199 (1987) 585 [12] S. Aihara et al., TPC Collaboration, Phys. Rev. D43 (1991) 29 [13] K. Abe et al., SLD Collaboration, presented at International Europhysics Conference on High-Energy Physics (HEP97), Jerusalem, Isral, 1997, Report No. SLAC-PUB 7574