arXiv:1209.0174v1 [hep-ph] 2 Sep 2012

Study of pesudoscalar transition form factors within light front quark model

Chao-Qiang Geng^{1,2,3a} and Chong-Chung Lih^{4,3b} 1College of Mathematics & Physics, Chongqing University of Posts & Telecommunications, Chongqing, 400065, China 2Department of Physics, National Tsing Hua University, Hsinchu, Taiwan 300 3Physics Division, National Center for Theoretical Sciences, Hsinchu, Taiwan 300 4Department of Optometry, Shu-Zen College of Medicine and Management, Kaohsiung Hsien,Taiwan 452 (Dated: September 4, 2012)

Abstract

We study the transition form factors of the pesudoscalar mesons (π, η and η^′) as functions of the momentum transfer Q^2 within the light-front quark model. We compare our results with the recent experimental data by CELLO, CLEO, BaBar and Belle. By considering the possible uncertainties from the quark masses, we illustrate that our predicted form factors can fit with all the data, including those at the large Q^2 regions.

a E-mail address: geng@phys.nthu.edu.tw b E-mail address: cclih@phys.nthu.edu.tw

Recently, the Belle collaboration [1] has just published its data on the transition form factor (F_{πγ} ) of π^0 → γ^∗γ, previously measured by BaBar [2], CLEO [3] and CELLO [4] collaborations, respectively. However, for the momentum transfer Q^2 above 10 GeV^2 the new data by Belle seem to be much lower than those by BaBar. As a result, the argument for the violation of the QCD asymptotic limit [5] is weakened despite the extensive theoretical studies in the literature [6–30].

In addition, following the pion data [2], the transition form factors (F_{(η,η}′_{)γ} (Q^2)) of η, η^′ → γ^∗γ have been reported by the BaBar collaboration [31] for Q^2 up to about 35 GeV^2. Many theoretical works on the η^{(′)} transition form factors have been also done [32–42] and the results are in agreement with the data by BaBar [31]. In particular, some of the studies have also tried to combined the analyses on the three pesudoscalar mesons of π^0, η and η^{(′)} to fit all data simultaneously.

Motived by the Belle data, in this note we would like to re-examine the transition form factor of the pion along with those of η and η^′ within the light front quark model (LFQM) by including uncertainties of quark masses to check if we can accommodate all the data. Similar studies in other QCD models have been performed recently in Refs. [43–47].

We will use the phenomenological light front (LF) meson wave function [48, 49] to evaluate Q^2|F_η(′) (Q^2)| in all allowed kinematic region. The LF wave function can be constructed by the simple structure of the meson constituent in terms of a quark-antiquark (QQ̄) pair [49]. The decay amplitude of QQ̄ → γ^∗γ^∗ with Lorentz structure is given by [50]: A(QQ̄(P ) → γ^∗(q_1, ϵ_1) γ^∗(q_2, ϵ_2)) = ie^2F_Q¯_Q(q^2_1 , q^2 ) ε_{μνρσ} ϵ^μ_1 ϵ^ν_2 q^ρ_1 q^σ_2 , (1) where F_Q¯_Q(q^2_1 , q^2 ) is a symmetric function under the interchange of q^2_1 and q^2 , which can be found to be [48, 49]

F_Q¯_Q(q^2_1 , q^2 ) = −4 √ N_c 3 ∫ dx d^2k_⊥ 2 (2π)^3

Φ_Q¯_Q ( x, k^2_⊥ ) e^2_Q 1 − x m_Q + (1 − x)m_Qk^2_⊥Θ x(1 − x)q^2 − m^2_Q − k^2_⊥

+ (q_2 ↔ q_1) ,(2)

with Θ = 1 Φ_Q¯_Q(x, k^2_⊥) dΦ_Q¯_Q(x, k^2_⊥) dk^2_⊥ , (3)

where N_c = 3 is the number of colors, e_Q = 2/3(−1/3) for Q = u(d, s), m_Q is the quark mass and Φ_Q¯_Q(x, k^2_⊥) is the meson wave function, defined by

Φ_Q¯_Q(x, k^2_⊥) = √ N_c x(1 − x) 2M^2_0 ϕ_Q¯_Q(x, k_⊥) , (4) where

ϕ_Q¯_Q(x, k_⊥) = N √ dk_z dx exp ( − ⃗k2 2ω^2_{QQ̄} ) , (5)

M^2_0 = m^2_Q + k^2_⊥ x + m^2_Q + k^2_⊥ 1 − x , (6)

with N = 4(π/ω^2_{QQ̄})^34 , ⃗k = (k_⊥, k_z), k_z = (x + 1/2)M_0, and ω_Q¯_Q the parameter related to the physical size of the pseudoscalar meson (P = ∑ QQ̄) in the wave function. If q_1 or q_2 is on mass shell, the form factor of QQ̄ → γ^∗γ can be written as

F_Q¯_{Q→γ}∗_γ (Q^2, 0) = −4 √ N_c 3 ∫ dx d^2k_⊥ 2 (2π)^3 e^2_QΦ_Q¯_Q (x, k^2_⊥) 1 − x { m_Q + (1 − x)m_Qk^2_⊥Θ x(1 − x)Q^2 − m^2_Q − k^2_⊥ − m_Q + (1 − x)m_Qk^2_⊥Θ

m^2_Q + k^2_⊥ } , (7)

where Q^2 = q^2_1 or q^2 is the momentum transfer. From Eq. (7), by summing up the relevant Fock states we obtain the transition for the transition form factors of P → γ^∗γ to be

F_{P →γ}∗_γ (Q^2) ≡ F_{P γ} (Q^2) = ∑ F_Q¯_{Q→γ}∗_γ (Q^2, 0) . (8)

For the π^0 meson, we use |π^0⟩ = |uū − dd̄⟩/ √ 2 and m_u = m_d = m_q. The states of η and η^′ can be expressed in terms of the two orthogonal states of |η_q⟩ and |η_s⟩, parameterized as [51–54] |η⟩ |η^′⟩ = cos ϕ − sin ϕ sin ϕ cos ϕ |η^q⟩ |η_s⟩ , (9)

where |η_q⟩ = |uū + dd̄⟩/ √ 2 and |η_s⟩ = |ss̄⟩. The mixing angle has been studied in various decay processes and constrained to be ϕ ≃ 37^∘ ∼ 42^∘ [54]. Under this scheme, the valence states of η^{(′)} can be written as: |η⟩ = cos ϕ |uū + dd̄⟩ √ 2 − sin ϕ|ss̄⟩ , |η^′⟩ = sin ϕ |uū + dd̄⟩ √ 2 + cos ϕ|ss̄⟩ . (10)

Consequently, the transition from factors of η^{(′)} → γ^∗γ have the forms F_{ηγ} = cos ϕF_{ηq} − sin ϕF_{ηs} , F_η′_γ = sin ϕF_{ηq} + cos ϕF_{ηs} . (11)

To numerically calculate the transition form factors of P → γ^∗γ, we need to specify the parameters appearing in ϕ_Q¯_Q(x, k_⊥). To constrain the quark masses of m_{u,d,s} and the meson scale parameters of ω_Q¯_Q in Eq. (5), we use the branching ratios of P → 2γ and the decay constants of the QQ̄ states, defined by B(P → 2γ) = (4πα)^2 64πΓ_P m^3_P |F (0, 0)_{P →2γ}|^2 , (12) and f_Q¯_Q = 4 √ N_c √ 2 ∫ dx d^2k_⊥ 2(2π)^3 ϕ_Q¯_Q(x, k_⊥) m_Q √ m^2_Q + k^2_⊥

, (13)

respectively, where Q = q or s denotes the quark in the Fock state. Explicitly, we use [55]

B(P → 2γ) = (98.832 ± 0.034) , (39.30 ± 0.20) , (2.12 ± 0.14)% , (14)

which lead to |F (0, 0)_{P →2γ}| ≡ |F_{P γ} (0)| = 0.274, 0.260 and 0.341 in GeV^{−1} for P = π^0, η and η^′, respectively. For the decay constants, we take [36]

f_π = 132 , f_{qq̄} = 140 , f_{ss̄} = 168 MeV . (15)

FIG. 1. (Color online) Q^2F_{πγ} (Q^2) as a function of Q^2 in the LFQM with m_q = 0.22 ∼ 0.30 GeV.

To illustrate the pion transition form factor, we have to specify the up and down quark masses. In our previous study in Ref. [49], we have fixed m_q = 0.24 GeV (q = u, d). To fit all the experimental data including the new data from Belle, we could like to include the uncertainty from the quark masses. Explicitly, we revise our input with a possible range of m_q, i.e. m_q = 0.22 ∼ 0.30 GeV. As a result, we can derive various meson scale parameters of ω_π from the pion decay constant and F_{πγ} (0) from the decay rate of π^0 → γγ. In Fig. 1, we show the Q^2 dependence of the π^0 transition form factor Q^2F_{πγ} (Q^2) in the LFQM (gray band) with m_q = 0.22 ∼ 0.30 GeV, where we have also plotted the experimental data of BaBar [2], Belle [1], CELLO [4] and CLEO [3]. Note that the upper and lower edges of the gray band in Fig. 1 correspond to m_q = 0.30 and 0.22 GeV, respectively. From the figure, we see that either the experimental data by CELLO, CLEO and BaBar or those by CELLO, CLEO and Belle can be simultaneously fitted well in the LFQM. We emphasize that to reproduce the BaBar (Belle) high-Q^2 tail, the higher (lower) quark mass is required.

FIG. 2. (Color online) Q^2F_{ηγ} (Q^2) as a function of Q^2 in the LFQM, where the dark-gray band represents the inputs of m_q = 0.22 ∼ 0.30, m_s = 0.40 ∼ 0.45 in GeV and ϕ = 40^∘, while the light-gray one stands for those of m_q = 0.25, m_s = 0.45 GeV and ϕ = 37 ∼ 42^∘.

In our numerical calculations of η and η^′, the first term in Eq. (7) dominates for the lower region of Q^2 and thus, it can be used to describe the experimental data of CLEO [57] and BaBar [31] with Q^2 ≤ 10 GeV^2. The second one in Eq. (7), related to the non-valence quark contributions, is quite small for a small Q^2. In general, this term can be neglected in the low Q^2 region, but it may enhance the form factors of Q^2F_η(′)_γ at the high values of Q^2. Hence, we will take into account this term in our calculations. Similar to the pion case, we will also consider the uncertainties from the quark masses. Explicitly, we use m_q = 0.22 ∼ 0.30 and

FIG. 3. Legend is the same as Fig. 2 but for the lower Q^2 region of Q^2 < 30 GeV^2.

m_s = 0.40 ∼ 0.45 in GeV. Moreover, we will examine a possible range of ϕ = 37 ∼ 42^∘ for the mixing angle in Eq. (11). In Fig. 2, we show our results for the Q^2 dependence of the η transition form factor in terms of Q^2F_{ηγ} (Q^2), where the dark-gray band represents the inputs of m_q = 0.22 ∼ 0.30, m_s = 0.40 ∼ 0.45 in GeV and ϕ = 40^∘, while the light-gray one stands for those of m_q = 0.25, m_s = 0.45 GeV and ϕ = 37 ∼ 42^∘. The enlarged figure of Fig. 2 for the lower Q^2 region of Q^2 < 30 GeV^2 is given in Fig. 3. In Fig. 4, we draw Q^2F_η′_γ (Q^2) as a function of Q^2, where the dark-gray and light-gray bands represent the inputs of m_q = 0.22 ∼ 0.30, m_s = 0.40 ∼ 0.45 GeV and ϕ = 40^∘ and m_q = 0.25, m_s = 0.45 GeV and ϕ = 37 − 42^∘, respectively.

As shown in Figs. 2-4, our results for Q^2F_η(′)_γ (Q^2) are in good agreement with the experimental data. Note that the upper (lower) edges of the dark-gray bands in Figs. 2-4 correspond to m_q = 0.30 (0.25) and m_s = 0.45 (0.4) GeV, while those of the yellow bands ϕ = 37^∘ (42^∘). We remark that the form factors Q^2F_η(′)_γ increase (decrease) with quark masses m_q (the mixing angle ϕ), whereas the effect from the uncertainty from m_s is small due to the small quark charge. It is interesting to point out that the form factors can be better fitted for a larger m_q with a fixed ϕ or ϕ = 40^∘ with a fixed m_q in the lower Q^2 region.

In summary, motivated by the recent experimental measurements, we have shown the transition form factors of π^0, η and η^′ → γ^∗γ as functions of the momentum transfer Q^2 within the LFQM. We have recalculated F_{πγ} (Q^2) by considering the allowed possible range

FIG. 4. Legend is the same as Fig. 2 but for η^′.

of m_q = 0.22 ∼ 0.30 GeV. We have illustrated that out result of the pion transition form factor in the LFQM can fit either the experimental data by CELLO, CLEO and BaBar or those by CELLO, CLEO and Belle for a fixed quark mass. In particular, we have found that to reproduce the BaBar and the recent Belle high-Q^2 tails, the higher and lower quark masses are needed, respectively. With the same set of model parameters as the pion, we have also studied the form factors of F_η(′)_γ by considering the possible ranges of the quark masses: m_q = 0.22 ∼ 0.30 and m_s = 0.40 ∼ 0.45 in GeV and the η − η^′ mixing angle: ϕ = 37 ∼ 42^∘, and we have found that our results agree well with the CLEO and BaBar data in the η and η^′ cases.

This work was partially supported by National Center of Theoretical Science, National Science Council (NSC-97-2112-M-471-002-MY3, NSC-98-2112-M-007-008-MY3 and NSC- 101-2112-M-007-006-MY3) and SZL-10104009.

[1] S. Uehara , et al. [The Belle Collaboration], hep-ex/1205.3249. [2] B. Aubert, et al. [The BABAR Collaboration], Phys. Rev. D80, 052002 (2009).

[3] J. Gronberg, et al. [The CLEO Collaboration], Phys. Rev. D57, 33 (1998). [4] H. J. Behrend, et al. [The CELLO Collaboration], Z. Phys. C497, 401 (1991). [5] G. P. Lepage and S. J. Brodsky, Phys. Rev. D22, 2157 (1980).

[6] S. V. Mikhailov and N. G. Stefanis, Nucl. Phys. B821, 291 (2009); Mod. Phys. Lett. A 24, 2858 (2009).

[7] A.V. Radyushkin, Phys. Rev. D80, 094009 (2009). [8] M.V. Polyakov, JETP Lett. 90, 228 (2009). [9] S. Nogeura and V. Vento, arXiv:1001.3075 [hep-ph].

[10] A. E. Dorokhov, arXiv:1003.4693 [hep-ph]; JETP Lett. 92, 707 (2010). [11] X. G. Wu and T. Huang, Phys. Rev. D82, 034024 (2010).

[12] A. P. Bakulev, S. V. Mikhailov, and N. G. Stefanis, Phys. Rev. D 67, 074012 (2003); Phys.

Lett. B578, 578 (2004).

[13] A. Bzdak and M. Praszalowicz, Phys. Rev. D 80, 074002 (2009). [14] H.-n. Li and S. Mishima, Phys. Rev. D80, 074024 (2009).

[15] H. L. L. Roberts, C. D. Roberts, A. Bashir, L. X. Gutierrez-Guerrero, and P. C. Tandy, Phys.

Rev. C 82, 065202 (2010).

[16] X. G. Wu and T. Huang, Phys. Rev. D84, 074011 (2011).

[17] M. Belicka, S. Dubnicka, A. Z. Dubnickova, and A. Liptaj, Phys. Rev. C83, 028201 (2011). [18] P. Lichard, Phys. Rev. D83, 037503 (2011).

[19] S. S. Agaev, V. M. Braun, N. Offen, and F. A. Porkert, Phys. Rev. D83, 054020 (2011). [20] W. Broniowski and E. R. Arriola, arXiv:1008.2317 [hep-ph]; E. R. Arriola and W. Broniowski, Phys. Rev. D 81, 094021 (2010).

[21] P. Kroll, Eur. Phys. J. C71, 1623 (2011) [arXiv:1012.3542 [hep-ph]]. [22] M. Gorchtein, P. Guo, and A. P. Szczepaniak, arXiv:1102.5558 [nucl-th]. [23] S. J. Brodsky, F. G. Cao and G. F. de Teramond, Phys. Rev. D84, 033001 (2011); ibid D84, 075012 (2011).

[24] A. P. Bakulev, S. V. Mikhailov, A. V. Pimikov, and N. G. Stefanis, Phys. Rev. D84, 034014 (2011).

[25] F. Zuo, Y. Jia, and T. Huang, Eur. Phys. J. C 67, 253 (2010); F. Zuo and T. Huang, arXiv:1105.6008 [hep-ph].

[26] N. G. Stefanis, arXiv:1109.2718 [hep-ph].

[27] T. N. Pham and X. Y. Pham, Int. J. Mod. Phys. A26, 4125 (2011).

[28] D. Melikhov, I. Balakireva, and W. Lucha, arXiv:1108.2430 [hep-ph]; W. Lucha and D. Melikhov, arXiv:1110.2080 [hep-ph]; I. Balakireva, W. Lucha, and D. Melikhov, arXiv:1110.5046 [hep-ph]; arXiv:1110.6904 [hep-ph].

[29] A. Stoffers and I. Zahed, Phys. Rev. C84, 025202 (2011).

[30] N. G. Stefanis, A. P. Bakulev, S. V. Mikhailov and A. V. Pimikov, Nucl. Phys. Proc. Suppl.

225-227, 146 (2012) [arXiv:1111.7137 [hep-ph]].

[31] P. del Amo Sanchez, et al. [The BABAR Collaboration], Phys. Rev. D84, 052001 (2011); B.

Aubert, et al. [The BABAR Collaboration], Phys. Rev. D74, 012002 (2006). [32] T. Feldmann and P. Kroll, Eur. Phys. J. C5, 327 (1998).

[33] A.E. Dorokhov, A.E. Radzhabov and A.S. Zhevlakov, Eur. Phys. J. C71 1702 (2011);

A. E. Dorokhov, arXiv:1109.3754 [hep-ph].

[34] S. J. Brodsky, F. G. Cao and G. F. de Teramond, Phys. Rev. D84, 033001 (2011); ibid D84, 075012 (2011).

[35] Y. N. Klopot, A. G. Oganesian and O. V. Teryaev, Phys. Rev. D84, 051901 (2011). [36] X. G. Wu and T. Huang, Phys. Rev. D84, 074011 (2011).

[37] P. Kroll, Nucl. Phys. Proc. Suppl. 219-220, 2 (2011) [arXiv:1109.5561 [hep-ph]]. [38] S. Noguera and S. Scopetta, Phys. Rev. D 85, 054004 (2012).

[39] H. Czyz, S. Ivashyn, A. Korchin and O. Shekhovtsova, Phys. Rev. D 85, 094010 (2012). [40] I. Balakireva, W. Lucha and D. Melikhov, PoS QFTHEP 2011, 056 (2011) [arXiv:1201.2049 [hep-ph]]; arXiv:1203.2599 [hep-ph].

[41] D. Melikhov and B. Stech, Phys. Rev. D 85, 051901 (2012). [42] W. Lucha and D. Melikhov, J. Phys. G39, 045003 (2012).

[43] A. P. Bakulev, S. V. Mikhailov, A. V. Pimikov and N. G. Stefanis, arXiv:1205.3770 [hep-ph]. [44] S. Noguera and V. Vento, arXiv:1205.4598 [hep-ph]. [45] X. G. Wu, T. Huang and T. Zhong, arXiv:1206.0466 [hep-ph]. [46] P. Masjuan, arXiv:1206.2549 [hep-ph].

[47] S. S. Agaev, V. M. Braun, N. Offen and F. A. Porkert, arXiv:1206.3968 [hep-ph]. [48] W. Jaus, Phys. Rev. D41 (1990) 3394; 44 (1991) 2851; K. G. Wilson, T. S. Walhout, A.

Harindranath, W. M. Zhang, R. J. Perry and S. D. Glazek, Phys. Rev. D49, 6720 (1994); C. Q. Geng, C. C. Lih and W. M. Zhang, Phys. Rev. D57, 5697 (1998); Phys. Rev. D62,

074017 (2000); Mod. Phys. Lett. A 15, 2087 (2000). [49] C. C. Lih and C. Q. Geng, Phys. Rev. C85, 018201 (2012).

[50] J. F. Donoghue, E. Golowich and B. R. Holstein, Dynamics of the Standard Model, Cambridge University Press 1992.

[51] F. G. Cao and A.I. Signal, Phys. Rev. D60, 114012 (1999). [52] M. Ablikim, et al., BES Collaboration, Phys. Rev. D73, 052008 (2006). [53] P. Kroll, Mod. Phys. Lett. A20, 2667 (2005).

[54] F. G. Cao, Phys. Rev. D85, 057501 (2012); C. E. Thomas, JHEP 0710, 026 (2007); F.

Ambrosino et al., JHEP 0907, 105 (2009); H. W. Ke, X. H. Yuan and X. Q. Li, Int. J. Mod. Phys. A26, 4731 (2011).

[55] Particle Data Group, Phys. Lett. B667, 1 (2008).

[56] H. Y. Cheng, C. Y. Cheung and C. W. Hwang, Phys. Rev. D55, 1559 (1997). C. W. Hwang, Phys. Rev. D64, 034011 (2001).

[57] V. Savinov , et al. [The CLEO Collaboration], hep-ex/9707028; J. Gronberg, et al. [The CLEO Collaboration], Phys. Rev. D57, 33 (1998).