arXiv:1305.5711v2 [hep-ph] 12 Jul 2013

Production of the tetraquark state T_{cc} at the B-factories

Reyima Rashidin^{1,2} 1 Key Laboratory of Frontiers in Theoretical Physics, The Institute of Theoretical Physics, Chinese Academy of Sciences, Beijing 100190, People’s Republic of China 2 School of Physics Science and Technology, Xinjiang University, Urumqi 830046, People’s Republic of China

Abstract: We study production of the tetraquark state T_{cc} via virtual photon at the B-factories in the QCD factorization framework. We predict the cross section of tetraquark state production in the leading order at the B-factories.

PACS numbers: 13.66.Bc, 14.40.Rt, 12.39.jh, 13.87.fh Keywords: tetraquark, diquark, fragmentation, production

I. INTRODUCTION

The exotic hadrons, such as tetraquark states, hybrid states, and open-charm meson etc, are always hot topic in hadronic physics. In recent years, some new exotic hadrons, such as X(3872), Y_b(4260), and Z^±(3895) [1–5], discovered in the experimental. Their mass are closer to sum of two D mesons [6, 7]. These hadrons are probably molecular models in the tetraquark picture. In the molecular model of tetraquark states, two mesons compose and formes a tetraquark by attractive residual strong interaction. Except for molecular models, tetraquark state has another configuration which is diquark-antidiquark model. In diquarkantidiquark model, the diquark formed by two quarks is binding with antidiquark formed by two antiquarks.

Tetraquark states which are consists of the double heavy quarks and double light antiquarks as well as their charge conjugates can be very good candidates. They can be regarded as diquark-antidiquark model in the tetraqaurk picture. In these tetraquark states, the two heavy quarks could tightly bounded and formed the color anti-triplet antisymmetric diquark cluster by strong attractive interaction.^1 The size of the diquark is about 0.1 − 0.3fm [8] and it can be considered as a point-like particle. It contributes the color interactions to double light antiquarks as a heavy antiquark. The two light anti-quarks are bounded with heavy diquark. As a result, the two heavy quarks and two light antiquarks can form a compact tetraquark state.

The spin of a tatraquark state is composition of the spins of the four quarks and the relative orbital angular momenta between them. For S-waves, the all orbital angular momenta vanish. When the two heavy quarks inside the diquark are identical, only spin one state for double heavy diquark is allowed because of the flavor anti-symmetric character. While, when the two heavy quarks in the double heavy diquark have different flavors, the spin of diquark may be one or zero. This discussion also can be adopt to the two light antiquarks sector. In this paper, we just consider the tetraquark states which are consists of two charm quarks and two light anti-quarks, with all orbital angular momenta vanished. We denote

1 In the one-gluon exchange potential, when two quarks form to the color anti-triplet, interaction between them are strong attractive interaction. When the two quarks formed color sextet configuration, the interaction between them are repulsive interaction. Since they are mainly form to the color anti-triplet configuration.

this tetraquark states by T_{cc}.

Flavor features of tetraquark with two heavy quarks and two light anti-quarks are very different from the conventional hadrons. If they are founded in experiments, we undoubtedly confirm the existence of the tetraquark states. The production of these tetraquark states have been studied in theoretically with different ways [9–16]. In paper [9], authors studied the production of double heavy tetraquark states at the Large Hadron Collider(LHC) and predicted possible decay channels of these tetraquark states. Their results showed that there are very good opportunity to observe double heavy tetraquark states at the LHC. One of the motivation of this work is to investigate if there is any possibility to observe double heavy tetraquark states at the B-factories. The other one is that the hadronic background at the e^+e^− colliders is simpler than at the proton-proton collider.

In this paper, we calculate the total cross section of tetraquark states T_{cc} via virtual photon at the B-factories. We present the cross section at the leading order in α_s in e^+e^− annihilation. The process can be factorized into three subprocess. The first subprocess is that the e^+e^− → c+c+c̄+c̄, which is a hard process at the distance scale 1/m_Q and it can be calculated by perturbative QCD(pQCD). For the second subprocess, formation of qiduark from two heavy quarks, the relative momentum between two heavy quarks is small with m_Qv ≪ m_Q. Such subprocess should be calculated by non-perturbation methods. At the subprocess, the tetraquark will be produced via the diquark picking up two light antiquarks from the vacuum at distance scale 1/Λ_{QCD} and it is also a non-perturbative process which can be described by fragmentation model.

II. THE CALCULATION FOR PRODUCTION OF T_{cc}

In the B-factory, the tetraquark particles production via a virtual photon γ^∗ as shown in Fig.1. As discussed above, in the production process of the tetraquark states T_{cc}, these distance scales satisfy the hierarchy relation 1/m_Q ≪ 1/(m_Qv) ≪ 1/(m_Qv^2). Different physical processes happening at those distinct energy scales are factorized. They can be calculated by pQCD, NRQCD, and the fragmentation function respectively. Therefore, total cross section can described as σ(e^+e^− → T_{cc} + X) = 1 2S 1 4 1 d! ∫_1 0 dxNδ(1 − x) . | Ψ_{cc}(0) √ d! |^2 ∫ dΠ_3|C(α_s, cc)|^2, (1) where^1_4 is the average spin of initial particle; d! is from permutation symmetry between identical final particles; S is center of mass energy of initial electron and positron and the masses of electron and positron are ignored; C(α_s, cc) is the short distance coefficient describing the production rate of the color anti-triplet point-like cc state at the energy scale m or higher; Ψ_{cc}(0) is the wave function at the origin of the S-wave diquark state; Nδ(1−x) is the fragmentation function of the diquark into color-singlet tetraquark state T_{cc} and N is the normalization factor in the fragmentation function; dΠ_3 is the Lorentz invariant threebody phase space integral element, which is

dΠ_3 = (2π)^4δ^4(p_{e1} + p_{e2} − P − q_1 − q_2) d^3P (2π)^32E d^3q_1 (2π)^32E_1 d^3q_2 (2π)^32E_2

. (2)

FIG. 1: Typical Feynman diagrams for the process e^+e^− → T_{cc} + X.

The short distance coefficient is calculated by perturbative QCD and can be expanded as a powers of α_s at energy scale m or higher. For the Formation of diquark from two heavy quarks, where the motion between two heavy quarks is very slow at distance 1/m_Qv, it is calculated by the potential model. The tetraquark state will be produced by diquark picking up two antiquarks from the vacuum at distance scale 1/Λ_{QCD}. It is also a non-perturbative process which can be calculated by fragmentation function.

A. The calculation of short distance coefficient C(α_s, cc)

The short distance coefficient |C(α_s, cc)|^2 is proportional to squared matrix element M^′(e^+e^− → cc + c̄ + c̄) at the tree level, where cc is design to be color anti-triplet and spin one point-like state, which is composed by two charm quarks. The dependence of scattering amplitude including Clebsh-Gorden coefficients are written in terms of fermion string as Ref.[20].

For convenience of calculation, the wave function of the diquark was described as projection operator in non-relativistic approximation. Correspondingly, we reorganized the amplitude of subprocess e^+e^− → cc(P ) + c̄(q_1) + c̄(q_2). There are eight Feynman diagrams with four different topological structures, since we just need to calculate four amplitudes. They are

M^μ_1 = 1 (^P_2 + q_1)^2 ū(q_1, s_3)γ^ν Π_3(P, λ)γ_ν

(/P + /q_1 + m_c) (P + q_1)^2 − m^2_c γ^μv(q_2, s_4),

M^μ_2 = − 1 (^P_2 + q_2)^2 ū(q_1, s_3)γ^μ

(/P + /q_2 + m_c) (P + q_2)^2 − m^2_c γ^ν Π_3(P, λ)γ_νv(q_2, s_4),

M^μ_3 = 1 (^P_2 + q_1)^2 ū(q_1, s_3)γ^ν Π_3(P, λ)γ^μ

(^{/P}_2 + /q_1 + /q_2 − m_c) (^P_2 + q_1 + q_2)^2 − m^2_c γ_νv(q_2, s_4),

M^μ_4 = − 1 (^P_2 + q_2)^2 ū(q_1, s_3)γ^ν

(^{/P}_2 + /q_1 + /q_2 − m_c) (^P_2 + q_1 + q_2)^2 − m^2_c γ_μΠ_3(P, λ)γ_νv(q_2, s_4). (3)

then M^′ = 4∑ a=1 ig^2_s g^2_e ee_Q′ c_1L_μM^μ_a , (4)

where e_Q′ and e are electric charge of charm quarks and initial particles in the unit e; c_1 =^{εijk}_4^√_2 λ^c_{ij}λ^c_{mk} is color factor, ε^{ijk} is the anti-symmetry tensor ; g_s and g_e are strong coupling constant and electromagnetic constant; L_μ =^1_S v̄(p_{e2})γ_μu(p_{e1}) is initial leptonic part which includes photon propagator factor; m_c is mass of charm quark ; P is four momentum of point-like state cc; q_1, q_2 and s_3, s_4 are four momentum and spin of anti charm quarks ; Π_3 is projection operator of color anti triplet and spin one point-like state of two charm quarks. In principle, the projection wave function for binding of cc should written as

Π_3 = ∑ s_1,s_2 < 1 2 , s_{1z}; 1 2 , s_{2z} | S, S_z > ū(p_1, s_1)ū(p_2, s_2). (5)

where ū(p_1, s_1) and ū(p_2, s_2) are spinor of two charm quarks inside the point-like state cc; p_1, p_2 and s_1, s_2 are four momentum and spin of these charm quarks, respectively; <^1_2 , s_{1z};^1_2 , s_{2z} | S, S_z > is Clebsh-Gorden coefficient of the coupling of two charm quarks cc.

If we represent one of the quarks by the charge conjugate field, the constructions look more familiar : qq → q̄_cq, where q̄_c = −iq^T γ^2γ^0. In the paper [18], the authors transform the fermion line (ū(p_1, s_1)Γv(q_1, s_3) of the diquark - production case to anti-fermion line of the meson-production (v(p_1, s_1)Γ^′ū(q_1, s_3)) by using characters of charge conjugation operator.^2 Similarly

Π_3 = ∑ s_1,s_2

ū(p_2, s_2)v(p_1, s_1) < 1 2 , s_{1z}; 1 2 , s_{2z} | S, S_z > . (6) Given four momentum of the diquark P , the relative four momentum between two charm quarks q, the four momentum of two charm quarks p_1, p_2 can be expressed as

p_1 = m_c M_{cc} P + q, p_2 = m_c M_{cc} P − q, here M_{cc} is mass of diquark. In the heavy quark limit, M_{cc} = 2m_c, P and q are orthogonal: P.q = 0. In the rest frame of the diquark,

P = (2E, 0), q = (0, ⃗q), p_1 = (E, ⃗q), p_2 = (E, −⃗q), In the rest frame of the diquark, the amplitude is expanded in powers of relative velocity v_c between two charm quarks. In this paper, we only consider the leading order contribution of v_c, since the dependence of short distance coefficients to the relative momentum q can be neglected. Therefore, the four momentum of charm quarks can be p_1 = p_2 =^1_2 P .

The projection operator for the coupling of two charm quarks, under the non-relativistic approximation, takes the simple form [19]:

Π_1(P ) = 1 2 √ 2m_c γ_5(/P + 2m_c), (7a)

Π_3(P, λ) = 1 2 √ 2m_c /ϵ(λ)(/P + 2m_c), (7b)

where ϵ^μ(λ) is polarization vector for spin-triplet state. Π_1 and Π_3 are projection operator for spin 0 and spin 1 state respectively.

2 To obtain the projection operator of diquark, we used some characters of the charge conjugation operator C = −iγ^2γ^0, i.e CC^{−1} = 1, v(p, s) = Cū^T (p, s), and Cγ^μC^{−1} = −(γ^μ)^T . See Ref.[18]for further discussion.

B. Formation of diquark from double heavy quarks

According to the discussion in Ref.[9], two charm quarks bind to form a stable coloranti-triplet diquark. In the heavy quark limit, the distance between two charm quarks is much smaller than^1_{ΛQCD} , since the ψ_{cc}(0) is determined by Coulomb potential [17]. It can be predicted by solving shrödinger equation with Coulomb potential, v(r) = −2α_s/(3r). For anti-triplet cc diquark state, its numerical value is |ψ_{cc}(0)|^2 = 0.0198GeV^3. And the production amplitude of diquark via e^+e^− annihilation expressed as

A = ∑ s_3,s_4 ∑ color √ 2M_{cc} √ 2m_c √ 2m_c ψ(0) √ d! (−iM^′) = C(α_s, cc) ψ(0) √ d! , (8)

where C(α_s, cc) includes tree level amplitude of subprocess e^+e^− → cc + c̄ + c̄ and normalization factor in diquark wave function.

C. diquark fragmentation into tetraquark state

As discussed above, in the heavy quark limit, the heavy diquark cluster takes a point-like anti-quark color structure. In principle, at the low energy scale, quark can omit arbitrary number soft-gluons and these gluons can bound heavy diquark with another two light antiquarks which picked up from the vacuum. We can simulate this subprocess cc¯_3 → T_{cc} by fragmentation mode of the heavy quark. Because the symmetry between the heavy quarks obtain two light quarks from vacuum by fragmentation process to antiquark fragmentation, we use the fragmentation mode of diquark with the one of the two heavy quarks.

The fragmentation model to produce the tetraquark are nonperturbative(scale is^1_{ΛQCD} ). In this paper, we choose one of the most commonly used fragmentation function, the δ function model [21]. The fragmentation function is

D(x) = Nδ(1 − x), (9) Where N is the normalization constant. The normalization constant can be fitted using the constraint condition. ∫ dxD_{(cc)}(x) = R(cc¯_3 → T_{cc}). (10)

The fragmentation probability of charm quark fragmentation into baryon is R[c → Λ_c] = 0.094 ± 0.035 which is measured by the e^+e^− colliders [22]. Thus, we approximately take the fragmentation probablity of double heavy diquark fragmentation into tetraquark with double charm quarks and two light antiquarks as R(cc¯_3 → T_{cc}) = 0.1.

III. RESULT AND SUMMARY

In this work, we studied production of the tetraquark states at the B-factories. And we predicted the production cross section of the process e^+e^− → T_{cc} + X at the leading order of α_s expansion at the KEKB. In order to obtain numerical result, we choose the parameters of the fine structure constant and strong coupling constant as α =^1_{131} , α_s(2m_c) = 0.24, and mass of charm quarks and double charm diquark are m_c = 1.5GeV, M_{cc} = m_c + m_c = 3.0GeV, and the center mass energy is √ S = 10.58GeV at the KEKB.

σ_{total} = 2.669 ± 0.0295fb Result shows that it is difficult to search tetraquark states at the normal e^+e^− colliders.

But there may be some hope to observe the tetraquark states at the high facility B-factories, like super-B at the KEK-B, it’s luminosity will be promoted to 8 × 10^{35}cm^{−2}.s^{−1} , and it implies that around 65000 events can be produced at this collider one year. Although there may be difficulties for the discovery of these tetraquark states in this collider, once the detection efficiency is considered.

Acknowledgments

R. R. was thanks Prof. Yu-Qi Chen and Dr. Su-Zhi Wu for helpful discussion. This work was supported by the National Natural Science Foundation of China under grants

No. 11275242 and No. 11165014.

[1] C. Caso et al(PDG), Eur. Phys. j. C3 (1998) 1.

[2] B. Aubert et al(The Babar Collabration), Phys. Rev. Lett. 90 (2003) 242001. [3] K. Abe et al, Phys. Rev. Lett. 98 (2007) 082001.

[4] S. Uehera et al(Belle collabration), Phys. Rev. Lett. 96 (2006) 082003. [5] S. K. Choi et al (The Belle collabration), Phys. Rev. Lett. 91 (2003) 262001; [6] P. Pakhlov et al (The Belle collabration), Phys. Rev. Lett. 91 (2003) 262002. [7] M. Ablikim et al (BESIII Collaboration), arXiv:1303.5949 ;

Z. Q. Liu et al(The Belle Collabration), arXiv:1304.0121. [8] P. Kroll, Preprint CERN TH. 88 (1988) 4983.

[9] Yu-Qi Chen and Su-Zhi Wu, Phys. Lett . B705 (2011) 93, arXiv:1101.4568. [10] Tetsuo. Hyodo, Yan-Rui Liu, Makpto Oka, Kazutaka Sudoh, and Shigehiro Yasui, Phys. Lett.

B721 (2013) 56, arXiv:1209.6207.

[11] S. Zouzou, B. Silvestre-Brac, C. Gignoux and J. M. Richard, Z. Phys. C30 (1986) 457. [12] J. Vijande, A. Valcarce, and J.-M. Richard, Phys. Rev. D76 (2007) 114013. [13] L. Heller and J. A. Tjon, Phys. Rev. D35 (1987) 969;

J. Carlson, L. Heller and J. A. Tjon, Phys. Rev. D37 (1988) 744; A. V. Manohar and M. B. Wise, Nucl. Phys. B399 (1993) 17;

S. Pepin, Fl. Stancu, M. Genovese, and J. M. Richard, Phys. Lett. B393 (1997) 119. [14] J.-P. Ader, J.-M. Richard, and P. Taxil, Phys. Rev. D25 (1982) 2370;

J. Vijande, A. Valcarce, J.-M. Richard, and N. Barnea, Few-Body Syst, 45 (2009) 99; J. Vijande, E. Weissman, A. Valcarce, and N. Barnea, Phys. Rev. D76 (2007) 094027; M. Zhang, H. X. Zhang, and Z. Y. Zhang, Commun. Theor. Phys. 50 (2008) 437.

[15] Ernest Ma, James Pantaleone, and S. Uma Sankar, Phys. Rev. D46 (1992) 463. [16] J. Vijande, A. Valcarce, and N. Barnea, Phys. Rev. D79 (2009) 074010. [17] G. -T. Bodwin, E. Braaten, and G. -P. Lepage, Phys. Rev. D49 (1994) 555. [18] Jun Jiang, Xing-Gang Wu, Qi-Li Liao, Xu-Cahng Zheng, and Zhen-Yun Fang, Phys. Rev.

D86 (2012) 054021.

[19] A. Petrelli, M. Cacciari, M. Greco, F. Maltoni, M. L. Mangano, Nucl. Phys. B514 (1998)

245, arXiv:hep-ph/9707223.

[20] V. Barger and A. L. Stange, Phys. Rev. D44, (1991) 1987.

[21] R. V. Gavai, S. Gupta, P. L. McGaughey, E. Quack, R. V. Ruuskanen, R. Vogt, and X. N. Wang, Int. J. Mod. Phys. A10 (1995) 2999.

[22] R. Seuster, et al (Belle Collaboration)., Phys. Rev. D73 (2006) 032002, arXiv:hep-ex/0506068.