arXiv:0906.3934v2 [hep-ph] 23 Jun 2010

J^P Assignments of Λ^+_c Baryons

Bing Chen^{1∗}, Deng-Xia Wang^1 and Ailin Zhang^{1,2†} 1Department of Physics, Shanghai University, Shanghai 200444, China 2Theoretical Physics Center for Science Facilities(TPCSF), CAS, Beijing 100049, China

The “good” diquark is employed to study Λ^+_c baryons within a mass loaded flux tube model. The study indicates that all Λ^+_c baryons candidates in the 2008 review by the Particle Data Group (PDG) are well described in the mass loaded flux model. The quantum numbers J^P of these Λ^+_c candidates are assigned. If Λc(2765)^+ is an orbitally excited Λ^+_c , it is likely the J^P =^3_2^+ one. If Λc(2765)^+ is an orbitally excited Σc, there ought to be another J^P =^3_2^+ Λ^+_c with mass ≈ 2770 MeV. In the model, there exists no J^P =^1_2^+ Λ^+_c (≈ 2700) predicted in existing literature. Λc(2940)^+ is very possible the orbitally excited baryon with J^P =^5_2^−.

PACS numbers: 12.40.Yx; 14.20.Lq Keywords: diquark, flux tube model, charmed baryons

I. INTRODUCTION

The study of hadron spectroscopy is an important way to detect the relation between the quark models and QCD, it is also an important way to discover the dynamics in the quark models. The baryon spectroscopy has been explored in many models. Relevant references can be found in some reviews [1–3]. Λ^+_c baryons have arisen people’s great interest for their heavy-light components. In experiments, some Λ^+_c candidates: Λ^+_c , Λ_c(2595)^+, Λ_c(2625)^+, Λ_c(2765)^+ (or Σ_c(2765)), Λ_c(2880)^+ and Λ_c(2940)^+ have been observed [4]. Except for the J^P quantum numbers of Λ_c(2880)^+, the J^P quantum numbers of most Λ^+_c have not been measured. To understand the Λ^+_c baryons, it is important to pin down the J^P quantum numbers of theses baryons. In this paper, the spectra of Λ^+_c baryons are studied and the J^P of these Λ^+_c are given within a mass loaded flux tube model [5–7].

A. Diquark in Baryons

After the introduction by Gell-Man [9], the diquark was extensively and successfully applied to strong interactions [10–16]. In a modern viewpoint, a diquark is in fact a kind of strong quark correlation in hadrons. When the quark correlations in the wave functions of hadrons are paid attention on, there exist two kinds of diquarks.

The wave function of a diquark consists of |diquark⟩ = |spatial⟩ × |color⟩ × |flavor⟩ × |spin⟩. The wave function of the diquark is always assumed to be antisymmetric, and its spacial part and color part are assumed to be symmetric and antisymmetric [5], respectively. Therefore, the wave function (|flavor⟩ ×

∗chenbing@shu.edu.cn †Corresponding author: zhangal@staff.shu.edu.cn

|spin⟩)_{diquark} ought to be symmetric. This constraint means that a vector diquark (spin symmetric 3_s) is always in flavor symmetric 6_f and a scalar diquark (spin antisymmetric ¯1_s) is always in flavor antisymmetric ¯3_f.

In most quark models, the color-spin interaction is popularly thought as [18]

H_{color-spin} ∼ −⃗σ_i⃗σ_jλ̃_iλ̃_j .

Such an interaction suggests that the vector diquark has a higher mass than the scalar diquark. To distinguish these two different kinds of diquarks, the diquark in (¯1_s, ¯3_f) is called a “good” diquark and denoted as [qq^′], the (3_s, 6_f) diquark is called a “bad” diquark and denoted as (qq^′).

In charmed baryons with two light quarks, the two light quarks are thought to attract each other and be easy to make a diquark [5]. It is reasonable to think that there is a “good” diquark in Λ_c baryons for their zero isospin (I = 0). For Σ_c baryons, there is very possible a “bad” diquark there for their I = 1.

In terms of the diquark, the baryon system has the same picture and dynamics as the meson system. The parity of baryons is determined by: P = (−1)^L, where L is the orbital angular momentum between the diquark and the third quark.

B. Mass Load Flux Tube Model

The mass loaded flux tube was studied twenties years ago [19]. Three years ago, this model was explored in terms of the diquark by Selem and Wilczek [5]. In the model, the Λ^+_c baryons are described as follows: the diquark consisting of light u or d quark is connected with the heavy c quark by a flux tube (or a relativistic string) with universal constant tension T. The difference between the mass loaded flux model and the valence quark potential model is that the mass loaded flux tube carries both angular momentum and energy [19].

A S-W formula for the heavy-light systems was given [5]

E = M + √ σL 2 + 2^{1/4}κL^{−1/4}m^{3/2}. (1)

Where the parameter σ is the same one as that in the famous Chew-Frautschi formula M^2 = a + σL. The relationship between the σ and the string tension T is T =^σ_{2π} . The constant κ depending on σ is defined as:

κ ≡^{2π 12}_{3σ 14} .

The spin-orbit interactions were ignored in Eq. (1). With the help of this equation, the J^P of Λ_c(2285)^+, Λ_c(2625)^+ and Λ_c(2880)^+ were suggested^1_2^+,^3_2^− and 5 2 +, respectively, without any analysis [5].

However, as pointed out in Ref. [7], the spin-orbit interaction may contribute largely to the spectra of D and D_s mesons. Therefore, the spin-orbit interactions ought to be taken into account. A reasonable way to include the contribution of spin-orbit interactions is to simplify the interactions as a ⃗L · ⃗S coupling or a ⃗J_l · ⃗J_h coupling, where J_l is the angular momentum of the light quark and J_h =^1_2 is the angular momentum of the heavy quark. Eq. (1) was extended to study the spectra of D and D_s in Ref. [7].

For Λ^+_c in the mass loaded flux model, the ⃗J_l · ⃗J_h coupling is in fact a ⃗J_d ·⃗J_c coupling, where J_d is the angular momentum of the light diquark. Similarly, Eq. (1) is extended to

E = M + √ σL 2 + 2^{1/4}κL^{−1/4}m^{3/2} + a ⃗J_d · ⃗J_c. (2)

The parameter a is assumed to depend mainly on heavy flavor and is a near constant for hadrons with the same heavy flavor. a is determined by experimental data. For the “good” diquark, J_d = L.

II. ANALYSIS OF Λ^+_c BARYONS

In the 2008 review by the PDG [4], Λ^+_c , Λ_c(2595)^+, Λ_c(2625)^+, Λ_c(2765)^+ (or Σ_c(2765)), Λ_c(2880)^+ and Λ_c(2940)^+ are listed. However, only the J^P quantum numbers of Λ^+_c (2880) have been measured. The J^P of most Λ^+_c has never actually been measured, they are assigned according to theoretical expectation. Moreover, the J^P of Λ_c(2765)^+ (or Σ_c(2765)) and Λ_c(2940)^+ have not been given in the review.

Λ_c(2765)^+ was first observed in Λ^+_c π^+π^− with a broad width (Γ ≈ 50 MeV ) by CLEO [20]. However, nothing about its quantum numbers is known. One even does not know whether it is a Λ_c or a Σ_c. This state may be a first positive-parity excitation of Λ_c(J^P = 1/2^+) [21]. The J^P of this state was suggested to be^1_2^+ [22]. This state was suggested to be a ρ−mode P-wave excited state

L J^P (theory) J^P [4] Mass(theory) Mass(expt.) 1^1_2^{− 1}_2^− 2584 Λc(2593)^+ 1^3_2^{− 3}_2^− 2644 Λc(2625)^+ 2^3_2^+ ?^? 2772 Λ^∗_c (2765)^+ 2^5_2^{+ 5}_2^+ 2872 Λc(2880)^+ 3^5_2^− ?^? 2935 Λc(2940)^+ 3^7_2^− ?^? 3076 ?

TABLE I: Spectrum of excited Λ^+_c baryons (MeV).

with J^P =^1_2^− [23]. There are some other controversial J^P assignments to it [24, 25]

Λ_c(2940)^+ was first observed in its decaying into D^∘P by BABAR [26] and then confirmed by Belle in Σ^{0,++}_c π^{+,−} [27] channels. The spin and parity of this state is still unknown. Its J^P was suggested to be^5_2^− or 3 2 + [21]. It was supposed to be the D-wave excited state with J^P =^5_2^+ [23]. The radial excitation possibility of this state was excluded [28]. There are also some other controversial interpretations [24, 25, 29].

Obviously, theoretical predictions of Λ_c(2765)^+ and Λ_c(2940)^+ is controversial, so the determination of their spin and parity is important. With Eq. (2) in hand, we proceed with the study of the spectra of Λ^+_c baryons. As a byproduct, the J^P of these Λ^+_c are suggested.

There are four parameters in Eq. (2): mass M of the c quark, mass m of the [qq^′] diquark, flux tube tension σ and the spin-orbit interaction parameter a. To determine these four parameters, a least square fitting process is employed.

In the fitting process, the spin-parity of Λ_c(2593)^+ and Λ_c(2625)^+ is first set J^P = 1/2^− and J^P = 3/2^−, respectively, according to the review by PDG [4]. Then, different spin-parity attempts of Λ_c(2765)^+, Λ_c(2880)^+ and Λ_c(2940)^+ are made.

Our attempts suggest that Λ_c(2765)^+ and Λ_c(2880)^+ are the J^P = 3/2^+ and the J^P = 5/2^+ excited charmed baryons, respectively, and Λ_c(2940)^+ is the J^P = 5/2^− excited one. The fitted parameters are: M_c = 1.39 GeV, m_d = 0.521 GeV, σ = 0.999 GeV^2 and a = 0.04 GeV. The spectra of Λ^+_c and their corresponding J^P are given in Table.I. In the table, all excited Λ_c candidates and their possible J^P are put in, and our prediction of the the spectra with above parameters according to Eq. (2) are listed.

As indicated in Table.I, the theoretical prediction is perfectly consistent with the experimental data. In addition, a J^P =^7_2^− Λ_c(3076)^+ is predicted, which is lower than existing theoretical prediction [22, 25, 30].

Within a three-quarks system framework, except for the J^P =^1_2^+ Λ_c(2265), another J^P =^1_2^+ Λ_c(2775) was predicted [30]. Similar spectrum pattern of Λ_c was predicted in many other models where the baryons are thought as a three-quarks system [22, 25, 30]. However, in the diquark picture, the expected J^P =^1_2^+ Λ_c(≈ 2770)

EL=2 − EL=1 EL=3 − EL=2 EL=4 − EL=3 expt. 218 ? ? theory 209 182 162

TABLE II: Mass difference for different orbits (MeV).

L=1 L=2 L=3 expt. 33 115 ? theory 60 100 141

TABLE III: Mass splitting in the same orbit (MeV).

is a supernumerary state. That is to say, baryons have less resonances in the mass loaded flux tube model than in the three-quarks models.

The mass of the diquark is an important quantity for phenomenological diquark models. In most models, the mass of diquark is ≈ 700 MeV, it is 521 MeV in our fitting. The mass of diquark in our analysis seems a little smaller. The exact physics of diquark is not clear and the dynamics in different models may be different, so the mass of diquark may be different. In general, the “reasonable” mass of the diquark is: 0.35 GeV ∼ 0.9 GeV .

Finally, let us have a look at the mass splittings among these Λ^+_c . The mass difference among different orbits (with spin-orbit interactions ignored) is also obtained in Table.II. The experimental data results from a spin average of those observed Λ^+_c candidates, and theoretical results come from Eq. (2). So far, only one possible L = 3 excited Λ^+_c was observed, therefore experimental E_{L=3} − E_{L=2} and E_{L=4} − E_{L=3} are unknown.

If the excited Λ^+_c candidates have those assigned J^P , the mass splittings resulting from the spin-orbit interactions in the same orbit are obtained (see Table.III).

Obviously, the spin-orbit interactions are large for higher excited Λ^+_c . They are even comparable with the splitting among different orbits. Theoretical prediction is more reliable when the spin-orbit interactions has been taken into account.

III. DISCUSSION AND CONCLUSION

The diquark has been applied successfully in many phenomenological models. Within the mass loaded flux tube model, the “good” diquark [qq^′] seems to exist in Λ^+_c baryons. Our study indicates that excited Λ^+_c baryons are well described by the mass loaded flux tube. All Λ^+_c candidates in the review by 2008 PDG have their “right” place in this model.

Though experimental information about Λ_c(2765)^+ is poor, we have some conclusions on this state. If Λ_c(2765)^+ is an excited Λ^+_c baryon, it may be the orbitally excited (^3_2 )^+ one and not possible the orbitally excited^1_2^+ one. If Λ_c(2765)^+ is a Σ_c baryon, there ought to be an orbitally excited (^3_2 )^+ Λ^+_c baryon with mass ≈ 2770 MeV. There exists no J^P =^1_2^+ Λ^+_c (≈ 2700).

Λ_c(2940)^+ is likely the orbitally excited (^5_2 )^− Λ^+_c . In addition, a (^7_2 )^− Λ_c(3076)^+ is predicted. If this Λ_c(3076)^+ is observed in the future, it will be a nice test to the mass loaded flux tube model.

Excited Σ_c baryons are more complex than Λ^+_c baryons in the dynamics. Experimental data of Σ_c baryons is poor. How to extend the mass loaded flux tube model to compute the spectra of Σ_c baryons would be an interesting work. Furthermore, how to study all the heavy-light hadrons in a systematic way in the model deserves further exploration.

Acknowledgment: This work is supported by the National Natural Science Foundation of China under the grant: 10775093.

[1] A.G. Hey and R.L. Kelly, Phys. Rept. 96: 71 (1983). [2] S. Capstick and W. Roberts, Prog. Part. Nucl. Phys. 45:

S241 (2000).

[3] E. Klempt and J.M. Richard, Rev. Mod. Phys. 82: 1095 (2010).

[4] C. Amsler et al., (Particle Data Group), Phys. Lett.

B667: 1 (2008).

[5] A. Selem and F. Wilczek, hep-ph/0602128. [6] F. Wilczek, hep-ph/0409168 [7] Hong-Yun Shan and Ai-Lin Zhang, Chin. Phys. C34: 16 (2010) (arXiv: 0805.4764).

[8] M. Gell-Mann, Phys. Lett. 8: 214 (1964). [9] M. Anselmino, P. Kroll and B.Z Pire, Z. Phys. C36: 89 (1987) [10] H.G. Dosch, M. Jamin and B. Stech, Z. Phys. C42: 167 (1989).

[11] M. Anselmino et al., Rev. Mod. Phys. 65: 1199 (1993). [12] R.L. Jaffe and F. Wilczek, Phys. Rev. Lett. 91: 232003 (2003).

[13] M. Karliner and H.J. Lipkin, Phys. Lett. B575: 249 (2003).

[14] E. Shuryak and I. Zahed, Phys. Lett. B589: 21 (2004). [15] R.L. Jaffe, Phys. Rept. 409: 1 (2005). [16] L. Maiani et al., Phys. Rev. D71: 014028 (2005). [17] Ai-Lin Zhang, Tao Huang and T. Steele, Phys. Rev. D76:

036004 (2007).

[18] A. De Rujula, H. Georgi and S.L. Glashow, Phys. Rev.

D12: 147 (1975).

[19] D. Lacourse and M.G. Olsson, Phys. Rev. D39: 2751 (1989).

[20] M Artuso et al., (CLEO Collaboration), Phys. Rev. Lett.

86: 4479 (2001).

[21] H.Y. Cheng and C.K. Chua, Phys. Rev. D75: 014006 (2007).

[22] Ebert D, Faustov R N and Galkin V O. Phys. Lett., 2008, B659: 612-620 [23] Xian-Hui Zhong and Qiang Zhao, Phys. Rev. D77:

074008 (2008).

[24] H. Garcilazo, J. Vijande and A. Valcarce, J. Phys. G. 34:

961 (2007).

[25] A. Valcarce, H. Garcilazo and J. Vijande, Eur. Phys. J.

A37: 217 (2008).

[26] B. Aubert et al., (BABAR Collaboration), Phys. Rev.

Lett. 98: 012001 (2007).

[27] R. Mizuket al., (Belle Collaboration), Phys. Rev. Lett.

98: 262001 (2007).

[28] Chong Chen et al., Phys. Rev. D75: 094017 (2007). [29] Xiao-Gang He, Xue-Qian Li, Xiang Liu and Xiao-Qiang Zeng, Eur. Phys. J. C51: 883 (2007).

[30] S. Capstick and N. Isgur, Phys. Rev. D34: 2809 (1986).