arXiv:hep-ph/0405265 v2 18 Jan 2005

KAIST-TH 2003/10

Dipion invariant mass spectrum in X(3872) → J/ψππ Taewon Kim^∗ and P. Ko^†

Department of Physics, KAIST Daejon 305-701, Korea (Dated: January 18, 2005)

Abstract

It is pointed out that dipion invariant mass spectrum in X(3872) → ππJ/ψ is a useful probe for the J^{P C} quantum number of the X(3872), complementary to the angular distributions. If X(3872) is a^1P_1 state, the dipion has a peak at low m_{ππ} region, which is not in accord with the preliminary Belle data. If X(3872) is a^3D_2 or^3D_3 state, the dipion spectrum shows a peak at high m_{ππ} region, which is broader than the ρ resonance that might come from the decay of a molecular state: (DD^∗)(I = 1) → J/ψρ → J/ψπ^+π^−. Better measurement of m_{ππ} spectrum will shed light on the nature of X(3872).

PACS numbers:

∗citadel@muon.kaist.ac.kr †pko@muon.kaist.ac.kr

I. INTRODUCTION

B decay is a nice place to look for charmonium states which are either above the D^{(∗)}D̄^{(∗)} threshold or have quantum numbers that are not accessible from n^3S_1 states by cascade decays. 2^3P_J ,^3D_J and 1^1P_1 states are such examples [1, 2, 3]. In this regard, the advance in NRQCD enabled us to estimate the inclusive B decays into charmonia without infrared divergence problem [4].

Recently, Belle collaboration reported a new narrow resonance X(3872) in B → XK → (J/ψππ)K decay channel [5], which was subsequently confirmed by CDF Collaboration [6]. It is important to identify the nature of this new narrow state, and there are several works on this state already [7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19]. In particular, Pakvasa and Suzuki pinned down possible quantum numbers for J^{P C} (X) [7] as follows:

• If it is a charmonium, it should be either 1^3D_2(2^{−−} ) or 2^1P_1(1^{+−}) [27]. Also 1^3D_3(3^{−−} ) is another possibility [20].

• If X(3872) is the DD^∗ molecular state, it should be either J^{P C} = 1^{+−} with I = 0, or J^{P C} = 1^{++} with I = 1.

Also they pointed out that the dipion angular spectrum could be useful to determine the J^{P C} quantum number of X(3872) [7].

In this letter, we show that the dipion invariant mass spectrum in X → J/ψππ provides independent information on the nature of X(3872). Our method is complementary to the angular correlations suggested in Ref. [7], and is already useful to eliminate a possibility that X =^1P_1 state.

II. CHIRAL LAGRANGIAN INVOLVING HEAVY QUARKONIA AND LIGHT VERCTOR MESONS

Hadronic transition between heavy quarkonia can be described in terms of QCD multipole expansion or chiral perturbation theory. Since the allowed dipion invariant mass in X(k, ϵ_X ) → J/ψ(k^′ , ϵ_ψ) π(p_1)π(p_2) is

2m_π ≤ m_{ππ} ≤ (M_X − M_{J/ψ} ) = 775 GeV ≈ m_ρ,

both approaches will be suitable to our purpose. In this letter, we use chiral lagrangian approach, since we are interested only in the spectrum and not in the absolute decay rate. Under global chiral SU(3)_L × SU(3)_R transformation, the pion field Σ(x) ≡ exp(2iπ(x)/f_π) transforms as Σ(x) → LΣ(x)R^†. (1)

Under parity P and charge conjugation C, the pion fields transform as P : π(t, ⃗x) → −π(t, −⃗x) Σ(t, ⃗x) → Σ^†(t, −⃗x) C : π(t, ⃗x) → π(t, ⃗x)^T Σ(t, ⃗x) → Σ(t, ⃗x)^T (2)

In order to introduce other matters such as ρ or X(3872) etc., it is convenient to define another field ξ(x) by Σ(x) ≡ ξ^2(x), which transforms as ξ(x) → Lξ(x)U^†(x) = U(x)ξ(x)R^†. (3) The 3 × 3 matrix field U(x) depends on Goldstone fields π(x) as well as the SU(3) transformation matrices L and R. It is convenient to define two vector fields with following properties under chiral transformations:

V_μ =^1_2 (ξ^†∂_μξ + ξ∂_μξ^†), V_μ → UV_μU^† + U∂_μU^†, A_μ =^i_2 (ξ^†∂_μξ − ξ∂_μξ^†), A_μ → UA_μU^†. (4)

Note that V_μ transforms like a gauge field.

Chiral symmetry is explicitly broken by non-vanishing current-quark masses and electromagnetic interactions. The former can be included by regarding the quark-mass matrix m = diag (m_u, m_d, m_s) as a spurion with transformation property m → LmR^† = RmL^†. It is more convenient to use ξmξ + ξ^†mξ^†, which transforms as an SU(3) octet: (ξmξ + ξ^†mξ^†) → U(x)(ξmξ + ξ^†mξ^†)U^†(x) (5) One can introduce light vector mesons ρ_μ, which transforms as

ρ_μ(x) → U(x)ρ_μ(x)U^†(x) + U(x)∂_μU^†(x), (6)

under global chiral transformations [21]. Then ρ_μ(x) transforms as a gauge field under local SU(3)’s defined by Eq. (1), as V_μ does. The covariant derivative D_μ can be defined using ρ_μ instead of V_μ. Note that (ρ_μ − V_μ) has a simple transformation property under chiral transformation:

(ρ_μ − V_μ) → U(x)(ρ_μ − V_μ)U^†(x), (7)

Both ρ_μ and V_μ are C− and P −odd. Then it is straightforward to construct chiral invariant lagrangian using ρ fields. In terms of a field stringth tensor ρ_{μν} ,

L_ρ = − 1 2 Tr(ρ_{μν} ρ^{μν} ) + 1 2 m^2_ρ Tr(ρ_μ − V_μ)^2 (8)

The 1st term is the kinetic term, and the second term is the ρ mass term.

Since the final charmonium is moving very slowly in the rest frame of the initial state X(3872), we can use the heavy particle effective theory approach, by introducing a velocity dependent field X_v (x) ≡ Xe^{imX v·x}, and similarly for J/ψ field ψ_v(x) [22]. If X_v is an isosinglet, it is chially invariant. If X_v is an isovector I(X_v) = 1, then it transforms as

X_v (x) → U(x)X_v (x)U^†(x). (9)

This will be useful when we consider the case J^{P C} (X) = 1^{++} , I = 1 in Sec. VI.

Then we can construct chiral lagrangian which is invariant under parity P and charge conjugation C, using the pion field U(x), X_v (x), a chiral singlet ψ_v(x), the metric tensor g_{μν} and the Levi-Civita tensor ϵ_{μναβ} . Transformation properties of X_v (x), ψ_v(x) and v^μ under parity and charge conjugation are given in Table 1.

Using our chiral lagrangian, we write down the amplitude for X → J/ψππ and derive the dipion mass spectrum. This approach gives the same results as QCD multipole explansion for

TABLE I: Transformation properties of X_v, ψ_v and v under parity and charge conjugation.

Fields P C v^μ v_μ = (v^0, −⃗v) v^μ = (v^0, ⃗v) ψ^μ_v ψ_{vμ} −ψ^μ_v X^{μν}_v (^3D_2) −X_{vμν} −X^{μν}_v X^{μαβ}v (^3D_3) +X_{vμαβ} −X^{μαβ}v X^μ_v (^1P_1) −X_{vμ} −X^μ_v X^μ_v (J^{P C} = 1^{++}) −X_{vμ} X^μ_v

the Lorentz and chiral structures of the amplitude, upto the unknown overall normalization. Similar analyses for Υ(3S) → Υ(1S)ππ were presented in Ref.s [23].

A remark is in order before we proceed. For ψ^′ → J/ψππ or Υ(3S) → Υ(1S)ππ, there are 4 independent chirally invariant operators to lowest order in pion momenta: M ∼ ϵ · ϵ^′ ( q^2 + BE_1E_2 + Cm^2_π ) + D ( ϵ · p_1ϵ^′ · p_2 + ϵ · p_2ϵ^′ · p_1 ) , (10)

with B, C, D ∼ O(1), but QCD multipole expansion predicts that B = D = 0. B, C, D being apriori unknown, one cannot make definite predictions for the m_{ππ} spectrum. Rather one has to fix B, C, D from the m_{ππ} spectrum as done in Ref.s [23]. On the other hand, there is only single chirally invaraint operator to lowest order in pion momenta in the three options for the J^{P C} (X) we consider in this work, and we can make a definite prediction for m_{ππ} sprectrum, unlike the case for ψ^′ → J/ψππ or Υ(3S) → Υ(1S)ππ.

III. 1^3D_2(2^{−−}) → J/ψππ

This decay is described by the following chiral lagrangian with heavy quarkonia: L = g(^3D_2) ϵ^{μναβ} v_μψ_{v,ν} X_{v,αρ} Tr [ ∂_βΣ∂^ρΣ^† ] + h.c. (11) where the coupling g(^3D_2) is unknown parameter, that should be determined by the data or could be calculated within QCD multipole expansion. (See Ref. [24] for an explicit form of g(^3D_2).) Then the amplitude for this decay is given by M ∼ ϵ_{ijk} ϵ^i_ψϵ^{jl}_X ( p^kp^l − q^kq^l ) , (12)

where p ≡ p_1 − p_2 and q ≡ p_1 + p_2, and i, j, k, l = 1, 2, 3 are space indices. Note that there is only one operator that contributes to the decay 1^3D_2(2^{−−}) → J/ψππ, so that we can predict the ππ spectrum without any ambiguity. The overall normalization is determined by the decay rate, but is irrelevant to our discussion for the ππ spectrum. Now it is straightforward to calculate the dipion invariant mass spectrum using the above amplitude. The resulting spectrum is shown in Fig. 1 in the (red) solid curve. Note that the dipion invariant mass has a peak at high m_{ππ} region, which is consistent with the preliminary Belle data [5].

IV.^3D_3(3^{−−}) → J/ψππ

Another possibility for X(3872) is that it is a^3D_3(3^{−−}) state, whose transformation properties under parity and charge conjugation is listed in Table 1. In this case again, there is a single chirally invariant operator that contributes to X → J/ψππ:

L = g(^3D_3) ψ_{vμ}X^μ_{vαβ} Tr [ ∂^αΣ∂^βΣ^† ] , (13)

which leads to the following amplitude:

M ∼ ϵ_μϵ^{μαβ}_X (p_{1α}p_{2β} + p_{2α}p_{1β}) . (14)

Then we can predict the m_{ππ} spectrum without ambuguity as before. The spin averaged squared amplitude for^3D_3 → J/ψππ is equal to that for^3D_2 → J/ψππ, which was also discussed within QCD multipole expansion in Ref. [24]. The resulting m_{ππ} spectra are the same as shown in the (red) solid curve in Fig. 1. V. X(1^{+−}, I = 0) → J/ψππ If X is a charmonium^1P_1 state with J^{P C} = 1^{+−} and I = 0, the relevant chiral lagrangian is given by L = g(^1P_1) ϵ^{μναβ} X_{vμ}ψ_{vν} Tr [ ∂_αΣ∂_βΣ^† ] (15)

where the coupling g(^1P_1) is an unknown parameter, and could be determined by the data or could be calculated within QCD multipole expansion [25, 26]. Then, the amplitude for X(1^{+−} , I = 0) → J/ψππ is given by M ∼ ϵ_{ijk} ϵ^i_X ϵ^j_ψ ( E_1p^k_2 + E_2p^k_1 ) , (16)

where E_1 and ⃗p_1 are the energy and the three momentum of the pion 1, and similarly for the pion 2. As before, we have ignored the overall normalization, which is irrelevant to our discussion for the spectrum.

If X is a DD^∗ molecular state with J^{P C} = 1^{+−} , we cannot apply QCD multipole expansion. Still the chiral lagrangian approach will be applicable, and the above amplitude is still valid.

Using the above amplitude (16), it is straightforward to calculate the ππ invariant mass spectrum for X(1^{+−}) → ππJ/ψ. We show the result in Fig. 1 in the (green) dotted curve. Note that the dipion spectrum has a peak at low m_{ππ} region, if X has J^{P C} = 1^{+−}, which is disfavored by the preliminary Belle data [5]. Once high statistics data is obtained, one can easily check if J^{P C} (X) = 1^{+−} is a correct assignment or not.

VI. X(1^{++}, I = 1) → J/ψππ

This case includes that the decaying state is I = 1 DD^∗ molecular state and the final dipion is in I = 1, which would be dominated by ρ meson. Since ρ^0 → π^0π^0 is forbidden by angular momentum conservation and Bose symmetry, the ππ in X → J/ψππ should be charged pions in this case.

FIG. 1: Feynman diagrams for X(3872) → J/ψππ

Since charge-conjugation symmetry C is conserved in strong interaction, we must have C(ππ) = −1, if C(X) = +. Now let us construct a C−even chiral invariant operator. Since I(X) = 1 in this case, the X field transforms as X_v → U(x)X_v (x)U^†(x) as discussed in Sec. II. Therefore the lowest order chiral lagrangian for X(1^{++} , I = 1) → J/ψππ is given by

L ∼ ϵ^{μναβ} v_μTr[(ρ_ν − V_ν )X_{vα}] ψ_{vβ} . (17) Then, the amplitude for X(1^{++}, I = 1) → J/ψππ is given by M ∼ ϵ_{μναβ} v^μp^ν ϵ^α_X ϵ^β_ψ [ 1 + m^2_ρ q^2 − m^2_ρ + im_ρΓ_ρ ] , (18)

where q = p_1 + p_2 and p = p_1 − p_2 as before, and Γ_ρ = 153 MeV is the total decay width of the ρ meson. The first term is from the contact interaction [ Fig. 1 (a) ], whereas the second term is due to the ρ exchange [ Fig. 1 (b) ].

In this case, the polarization of ρ and J/ψ tends to be perpendicular with each other, which can be tested by measuring the three–momentum of a lepton in J/ψ → l^+l^− and the

FIG. 2: Dipion invariant mass spectra for J^{P C} (X) = 2^{−−} or 3^{−−} (red and solid), J^{P C} (X) = 1^{+−} (green and dotted) and J^{P C} (X) = 1^{++} (blue and dashed). The vertical scale is arbitrary for each case, and the areas under the curves is all the same.

three–momentum of a pion in ρ → ππ decay.

VII. CONCLUSION

In this letter, we pointed out that the dipion invariant mass spectrum in X(3872) → J/ψππ could be useful in determination of J^{P C} quantum number of the newly observed resonance X(3872). In particular, the current preliminary data seems to already exclude the possibility X =^1P_1, since the dipion invariant mass spectrum has a peak at low m_{ππ} region in this case. This is apparently disfavored by the preliminary Belle data. On the other hand, if X =^3D_2(2^{−−}) or X =^3D_3(3^{−−}), then the m_{ππ} spectrum has a peak at high m_{ππ} region, which is consistent with the data. Also the interpretation in terms of DD^∗ molecular state predicts m_{ππ} spectrum to have a sharp peak near m_{ππ} ≈ m_ρ. This could be easily distinguishable in the future when more data are accumulated.

Acknowledgments

I thank T. Barnes, G. Bodwin, Sookyung Choi, E. Eichten, Jungil Lee, S. Olsen and M.B. Voloshin for useful communications and discussions. This work is supported in part by BK21 Haeksim Program and KOSEF through CHEP at Kyungpook National University.

[1] P. Ko, Phys. Rev. D 52 (1995) 3108.

[2] P. Ko, J. Lee and H. S. Song, Phys. Lett. B 395, 107 (1997) [arXiv:hep-ph/9701235]. [3] E. J. Eichten, K. Lane and C. Quigg, Phys. Rev. Lett. 89, 162002 (2002) [arXiv:hep-ph/0206018].

[4] G. T. Bodwin, E. Braaten, T. C. Yuan and G. P. Lepage, Phys. Rev. D 46, 3703 (1992) [arXiv:hep-ph/9208254].

[5] S. K. Choi and S. L. Olsen [Belle Collaboration], arXiv:hep-ex/0309032. [6] D. Acosta et al. [the CDF II Collaboration], arXiv:hep-ex/0312021. [7] S. Pakvasa and M. Suzuki, arXiv:hep-ph/0309294. [8] M. B. Voloshin, arXiv:hep-ph/0309307. [9] N. A. Tornqvist, arXiv:hep-ph/0308277. [10] F. E. Close and P. R. Page, arXiv:hep-ph/0309253. [11] C. Z. Yuan, X. H. Mo and P. Wang, arXiv:hep-ph/0310261. [12] C. Y. Wong, arXiv:hep-ph/0311088.

[13] E. Braaten and M. Kusunoki, arXiv:hep-ph/0311147.

[14] T. Barnes and S. Godfrey, Phys. Rev. D 69, 054008 (2004) [arXiv:hep-ph/0311162]. [15] E. S. Swanson, arXiv:hep-ph/0311229.

[16] E. J. Eichten, K. Lane and C. Quigg, arXiv:hep-ph/0401210. [17] E. Braaten and M. Kusunoki, arXiv:hep-ph/0402177. [18] E. Braaten, M. Kusunoki and S. Nussinov, arXiv:hep-ph/0404161. [19] J. L. Rosner, arXiv:hep-ph/0408334.

[20] T. Barnes and E. Eichten, private communications.

[21] M. Bando, T. Kugo and K. Yamawaki, Nucl. Phys. B 259, 493 (1985). [22] R. Casalbuoni, A. Deandrea, N. Di Bartolomeo, R. Gatto, F. Feruglio and G. Nardulli, Phys.

Rept. 281, 145 (1997) [arXiv:hep-ph/9605342].

[23] S. Chakravarty and P. Ko, Phys. Rev. D 48, 1205 (1993); S. Chakravarty, S. M. Kim and P. Ko, Phys. Rev. D 48, 1212 (1993) [arXiv:hep-ph/9301249]; S. Chakravarty, S. M. Kim and P. Ko, Phys. Rev. D 50, 389 (1994) [arXiv:hep-ph/9310376].

[24] P. Moxhay, Phys. Rev. D 37, 2557 (1988).

[25] M. B. Voloshin, Sov. J. Nucl. Phys. 43, 1011 (1986) [Yad. Fiz. 43, 1571 (1986)]. [26] P. Ko, Phys. Rev. D 47, 2837 (1993).

[27] We use the spectroscopy notation, n^{2S+1}L_J where n is the principal quantum number, and the J^{P C} quantum number is shown in the parenthesis.