arXiv:1012.5949v2 [hep-ph] 21 Mar 2013

Two-pseudoscalar Exchanges between Heavy Hadrons

Qing Xu^1, Hong-ying Jin^1 and T. G. Steele^2 1Zhejiang Institute of Modern Physics, Zhejiang University, Zhejiang Province, P. R. China 2 Department of Physics and Engineering Physics, University of Saskatchewan, Saskatoon, Saskatchewan, Canada S7N 5E2

March 22, 2013

Abstract

We calculate the two-pion and two-kaon exchange potentials of DD and DD^∗ by using Gaussian form factor to regularize loop integrals. Although the magnitude of the two-pseudo-goldstone exchange is small as expected, it is not negligible in dynamics because it modifies the shape of the potential. We find the bound state of DD^∗ starts to appear at the cut-off Λ = 1360MeV after consideration of the two-pseudo-goldstone exchange, significantly reducing the discrepancy between Chiral Perturbation Theory and other phenomenological approaches.

1 Introduction

It is generally believed that hadrons should have configurations beyond the naive quark model, i.e., the number of quark constituents in a hadron can be four, five or more. In fact, nuclei can be considered as such multi-quark hadrons. However, hadrons composed of four or five quarks and anti-quarks have not been definitively confirmed experimentally, though it is often believed they provide an interpretation for some resonances listed by the Particle Data Group. [1]

The theoretical study of these exotic hadrons has a long history. The idea of the four-quark states was first raised in [2], and more recently has been systematically studied in [3]. Such theoretical studies have intensified in recent years after the discovery of the X(3872) by Belle [4], soon confirmed by CDF[5], D0[6], and BaBar[7]. The X(3872) mass is M_X = 3871.2 ± 0.5MeV and its width is Γ < 2.3MeV . The angular distributions and correlations of the J/ψπ^+π^− final state shows that J^{P C} = 1^{++} and J^{P C} = 2^{−+} are two possible quantum number assignments. Several scenarios for the J^{P C} = 2^{−+} assignment have been explored in Ref. [8]. For the J^{P C} = 1^{++} assignment, it is very difficult to interpret the X(3872) as charmonium because the 2^3P_1 cc state χ^′_{c1} in the quark model is at least 50MeV heavier than X(3872) and the decay of a pure charmonium state into J/ψππ violates isospin symmetry. Although many other explanations have been proposed (molecular state, hybrid charmonium, diquark anti-diquark bound state, tetraquark state etc.), the molecular interpretation is the most favorable , since the X(3872) mass is just a half MeV below the DD̄^∗ mass threshold and has a significantly large partial width in the DD̄^∗ channel , though it is still hard to explain why such a loosely bound meson pair can get close enough to decay into J/ψπ^+π^−.

In the molecule picture of X(3872), there are many works[3, 9, 10, 11, 12, 13, 14, 15, 17] based on different approaches, such as QCD sum rules, Chiral Quark Model and Chiral Perturbation Theory. The conclusions from these various approaches are quite different. We concentrate on the different conclusions from the Chiral Quark Model and Chiral Perturbation Theory. Because of the proximity of X(3872) to the D^0D^{∗0} threshold, the X(3872) resonance may be just a loosely bound state of D^0D^{∗0}. Such a loosely bound state is very similar to the deuteron and may be described via light pseudoscalar exchange models. Since the pion-exchange is an effective model of QCD in low energy, an energy cut-off Λ (in fact 1/Λ is the radius of the pion) must be introduced to regularize ultraviolet behaviour of the model. Meanwhile, the cut-off-dependence in pion-exchange must be removed by the counter terms which only can be obtained by fitting various experimental quantities. Unfortunately we lack such relevant experimental data for the D meson case. Therefore, any prediction based on the pion-exchange for X(3872) is seemingly dependent on Λ. Uncertainties from Λ may be controlled partly by the argument that Λ is not too far from the scale 1GeV. However, the theoretical calculation is very sensitive to the cutoff; even several hundred MeV difference in the cutoff makes a substantial difference in the prediction. Therefore, the large difference of the cutoff used in various models looks quite suspicious.

In the Chiral Quark Model (CQM), Λ is chosen in the region 0.8 ∼ 1.5GeV [3]. N.A.Tornqvist argues that the heavy mesons are known to be much smaller in size than nucleons, one would expect a smaller R of the pion source in corresponding to a larger cutoff Λ, so he concludes Λ = 1.2GeV is suitable for heavy meson systems. Other CQM analyses [16] find there is a bound state of DD^∗ when Λ = 1 ∼ 1.4GeV . However, in the Chiral Perturbation Theory (CPT) approach, in order to bind D^0D^{∗0} via the single pion exchange, Λ must be unbelievably large[15][17]. In order to reduce this discrepancy, Ref. [17] includes the contributions from heavier meson exchange, such as σ, ρ,ω and η, reducing the cutoff from 1750MeV to 1250MeV . This fact hints that intermediate and short distance very important at the scale 1GeV . However, a shortcoming of the heavier meson exchange picture is that additional input parameters are needed .

The inconsistency between the QCM and CPT is easily understood in the framework of CPT. In CPT, quarks have been integrated out so all processes happen at the hadron level (the interaction distance is ∼ 1/Λ_{QCD}), and so the shorter range interaction which may occur between quarks must be included in higher orders of the chiral expansion. In other words, the one-pion exchange in the Chiral Quark Model may include the contribution from multi-pion exchange in CPT. In fact, the heavier meson exchange in [17] is exactly the multi-pion exchange in CPT. A good example is the deuteron. In order to obtain a similar conclusion with phenomenological methods(one pion plus heavier meson exchange), the two-pion exchange in CPT must be included [18].

Certainly, it is generally believed the chiral perturbative expansion converges more quickly in heavy mesons than in nucleons[19], but the heavier D mesons can get closer to each other and feel stronger short range and intermediate range interactions. Based on these considerations, we calculate the two-pion and two-kaon exchange potential between DD and DD^∗ by using a Gaussian type form factor to regularize loop integrals. We find the two-pion exchange provides the intermediate range interaction while the two-kaon exchange is very important at short distance. Similar to the one-pion exchange, the potential is also sensitive to the cutoff Λ. The loop correction becomes important when Λ ∼ 1300MeV and the bound state of DD̄^∗ is found at Λ ∼ 1360MeV . This result is consistent with Ref. [17]. Additionally, we find the loop effects in DD̄ are much bigger than those in DD̄^∗. Even without the one-pion exchange, a bound state of DD̄ can also be found at Λ = 1650MeV . This reminds us that some heavy hadrons may be bound via two-pseudoscalar exchanges even without the one-pion exchange in Chiral Perturbation Theory.

We organize our paper as follows. In section 2, we give the effective Lagrangian that we use in the calculation. This Lagrangian is derived from the most general one given in Ref. [20]. In section 3, we calculate the two-pion and two-kaon exchange potentials between DD^∗ and discuss the possibility of their bound states. The discussion is also extended to BB^∗. In section 4, we discuss the case of DD . Finally we give a brief summary and conclusion.

2 Effective Chiral Lagrangian

The effective chiral lagrangian for heavy mesons was first given in Ref. [20]:

L = −iTrH_aν_μ∂^μH_a + 1 2 iTrH_aH_bν^μ(ξ^†∂_μξ + ξ∂_μξ^†)_{ba} + 1 2 igTrH_aH_bγ_ν γ_5(ξ^†∂^ν ξ − ξ∂^ν ξ^†)_{ba} + · · · , (1)

where H_a =

1 + /ν 2 (P^∗_{aμ}γ^μ − P_aγ_5) (2)

H_a = (P^{∗†}_{aμ}γ^μ + P^†_a γ_5)

1 + /ν 2 , (3)

v_μ is the velocity of the heavy meson, P and P^∗ are meson fields and ξ is the nonlinear realization of the SU(3) goldstone fields.

For our purpose, we only need to keep the first order of the expansion in the power p/(4πf) in the lagrangian (1), then we can obtain L = 1 f^2

P (η_{abc}λ_cπ_aπ_b)P − g f (P^{∗†}_i √ 2⃗∇_i(λ · π)P + P^†P^∗_i √ 2⃗∇_i(t · π)) − 1 f^2

P^∗_i (η_{abc}λ_cπ_aπ_b)P^∗_i , (4) where λ_a are Gell-Mann matrices, π_a(a = 1, 8) are SU(3) goldstones, [λ_a, λ_b] = 2iη_{abc}λ_c, f is the π decay constant(for SU(2),f = 139MeV ), g is the coupling constant which can be determined by the width of D^∗ → Dπ. We use g = 0.59 in the calculation below ( which is also widely used, see [17][19]). As in Ref. [20], the factors of √ M_Dand √ M_D∗ have been absorbed into the P and P^∗ fields, and the Lagrangian is independent of the heavy-quark mass.

3 DD^∗ Potential and Bound State

3.1 One-Pion Exchange Potential

The one-pion exchange potential of DD^∗ in momentum space is(The t_m and t_n are isospin matrices acting on D and D̄^∗ respectively):

V_{1π} (⃗q) = − 1 3 ( g f )^22t_m · t_n

⃗q^2 ⃗q^2 + m^2_π − Δ^2 (5) where we neglect the tensor potential (which has no contribution in S wave). In some works [13][16] the tensor potential inducing the mixing between S wave and D wave is very important to lower the value of the cutoff, but as discussed below, we find it is not so important in our case. To transform the potential from momentum space into coordinate space, the momentum cutoff is usually used because in the chiral effective theory the pion’s momentum cannot be arbitrarily large. The momentum cutoff is also used to regularize the loop integration in the calculation of the two-pion exchange. The momentum cutoff may be introduced in many ways. Here we choose the scheme used in [21], where a Gaussian type form factor exp(−^{⃗q2}_{2Λ2} ) is inserted at each vertex[22, 23], resulting in the one-pion potential in coordinate space

V_{1π} (r) = − 1 6 ( g f )^22t_m · t_nΛ^3 d dΛ I_2( √ m^2_π − Δ^2, r), (6)

where Δ = M_D∗ − M_D and the function I_2 is defined in Appendix A. Since m_π < Δ = M_D∗ − M_D, Eq. (6) is complex. This means D^∗ can decay into Dπ directly. The bound state of D̄D^∗ is only possible when the lifetime of D^∗ is long enough. Our discussion will be based on this assumption.

Before going on to the two-loop calculation, we would like to compare the Gaussian scheme with the monopole type regularization scheme, i.e., inserting a function F (q) =^{Λ2 +m2}_{Λ2 +⃗q2} (m is the pion’s mass) in each pion propagator.

The latter is used widely in previous studies[3][15][16][17]. A naive estimate is to set^{Λ2 +m2}_{Λ2 +⃗q2} = exp(−^{⃗q2}_{Λ′2} ). If we choose ⃗q^2 = Λ^{′2} as the scale for comparison, then Λ^′ ≈ 1.3Λ. That means the Gaussian scheme has stronger ultraviolet suppression. Numerically we find Λ = 1000MeV in the Gaussian type is about Λ = 900MeV in the monopole type. So these two schemes are almost equivalent in our discussion range.

3.2 Two-pion Exchange Potential

According to the the Lagrangian given above, there are four two pion-exchange Feynman Diagrams as shown in Fig. 1(where the vertical lines are heavy mesons and correspond to the sequence D − D^∗ − D or D^∗ − D − D^∗, the sequence such as D − D − D is forbidden.). We denote the momentums of pions being^1_2 (l − q) and^1_2 (l + q), where q is the transferred momentum.

Figure 1: The parallel box (a), crossed box (b), triangle (c) and two-pion loop (d) diagrams

The calculation of these diagrams is quite straightforward. However, before doing this, we would like mention that there are two distinct approaches for such calculations. One is the “old-fashioned” time-ordered perturbation theory, which is widely used in calculations of the two-pion exchange potential of nucleon-nucleon [18]. This approach can avoid the divergence which arises when we take the heavy mass limit, since in that case there are two poles at ±iε respectively in the l_0 integration. In [24], the authors suggested another way. Since the l_0 integration is well-defined when the nucleon mass is kept finite, the l_0 integration can be carried out before the 1/M expansion. When the heavy mass limit is taken, the two poles that are coming close to each other provide the “iterated one-pion exchange”, while the two poles supplied by the pion propagators provide the “irreducible two-pion exchange” and the remaining poles give strongly suppressed terms can be neglected at this order. So in the covariant perturbation theory, one only needs to retain the two poles supplied by the pion propagators in the l_0 integration. We have used this method to check the two-pion exchange nucleon-nucleon potential, and get the same result as Eq. (22) in Ref. [18].

For our purpose the second approach is more convenient and straightforward. In the D-meson system, we can write the D^∗(or D) meson propagator in the Feynman diagrams as :

T_D∗ =

−g_{μν} M_D∗ (p_1 −^{l−q}_2 )^2 − M^2_D∗ + iϵ = −g_{μν} −l_0 − 2Δ + iϵ (7) where we drop the poles of the l_0 integration which only provide the strongly suppressed term. The quantity Δ = M_D∗ − M_D is the mass difference between D and D^∗, and its value is zero in the heavy quark limit. It is very important to keep the finite value of Δ, especially in the interaction between DD̄ where the “iterated one-pion exchange” is divergent when Δ goes to zero. Therefore, the two-pion exchange in DD̄ case or the two kaon-exchange in DD̄^∗ is suppressed by Δ. This fact makes the two-kaon exchange more important than is naively expected because of small values of Δ = M_D∗ − M_{Ds} and Δ = M_D∗_s − M_D.

As usual, we work in center-of-mass (c.m.) system. We denote p as the initial momentum of D, p^′ as the final momentum of D, and q ≡ p − p^′ as the transferred momentum. After finishing the l_0 integration, we obtain the two-pion exchange potential of DD^∗ in momentum space:

V_{aT P E} = − 1 16 ( g f )^4(3 − 8t_m · t_n) � d^3l (2π)^3

(⃗l^2 − ⃗q^2)(⃗l − ⃗q) · ϵ_i(⃗l + ⃗q) · ϵ^∗_f 1 2 [ 1 ω_1(ω_1 + a)^2 − 1 ω_2(ω_2 + a)^2 ] 1 ω^2_1 − ω^2

V_{bT P E} = − 1 16 ( g f )^4(3 + 8t_m · t_n) � d^3l (2π)^3

(⃗l^2 − ⃗q^2)(⃗l − ⃗q) · ϵ_i(⃗l + ⃗q) · ϵ^∗_f 1 2a { [ 1 (ω^2_1 − a^2)(ω^2 − a^2) ]

− [ 1 ω_1(ω_1 + a) − 1 ω_2(ω_2 + a) ] 1 ω^2 − ω^2_1 } V_{c1T P E} = 1 4 ( g f )^2 2 f^2 t_m · t_n � d^3l (2π)^3

(⃗l − ⃗q) · ϵ_i(⃗l + ⃗q) · ϵ^∗_f 1 2 [ 2a ω^2 − ω^2_1 ( 1 ω^2_1 − a^2 − 1 ω^2 − a^2 ) + 1 ω^2 − ω^2_1 ( 1 ω_1 + a − 1 ω_2 + a ) ]

V_{c2T P E} = 1 4 ( g f )^2 2 f^2 t_m · t_n � d^3l (2π)^3 ϵ_i · ϵ^∗_f (⃗l^2 − ⃗q^2) 1 2 [ 1 ω^2 − ω^2_1 ( 1 ω_1 + a − 1 ω_2 + a )]

V_{dT P E} = 1 4 1 f^4 t_m · t_n � d^3l (2π)^3 ϵ_i · ϵ^∗_f ( ω_1 ω^2_1 − ω^2 + ω_2 ω^2 − ω^2_1 , ) (8) where ϵ_i(ϵ^∗_f ) is the polarization vector of in (out) D^∗ ,and we use notations:

ω_1 = √ (⃗q − ⃗l)^2 + 4m^2_π, (9)

ω_2 = √ (⃗q + ⃗l)^2 + 4m^2_π, (10) a = 2Δ. (11)

Just as for the one-pion exchange, we insert the Gaussian type form factor exp(−^{⃗q2}_{2Λ2} ) (q is the transferred momentum at each vertex), then translate Eq. (8) into coordinate space (The function F (λ, r) is defined in Appendix.):

V_{aT P E} (r) = 1 16 1 π ( g f )^4(3 − 8t_m · t_n)ϵ_i · r̂ϵ^∗_f · r̂ � (a^2 − λ^2)dλ (a^2 + λ^2)^2 [ 2 r^2

F^′ (λ, r) F^′ (λ, r) + F^{′′} (λ, r) F^{′′} (λ, r) ]

V_{bT P E} (r) = − 1 16 ( g f )^4(3 + 8t_m · t_n)ϵ_i · r̂ϵ^∗_f · r̂ 1 2a ·{e^{2a2}Λ^2 [ 2 r^2

I^′_2( √ 4m^2_π − a^2, r)I^′_2( √ 4m^2_π − a^2, r) + I^{′′}_2 ( √ 4m^2_π − a^2, r)I^{′′}_2 ( √ 4m^2_π − a^2, r)] − 2a π � dλ a^2 + λ^2 [ 2 r^2

F^′ (λ, r) F^′ (λ, r) + F^{′′} (λ, r) F^{′′} (λ, r) ] } V_{c1T P E} = 1 4 ( g f )^2 2 f^2 t_m · t_nϵ_i · r̂ϵ^∗_f · r̂ 1 2 [2ae^{2a2}Λ^2 I^′_2( √ 4m^2_π − a^2, r)I^′_2( √ 4m^2_π − a^2, r) + 2 π � dλ λ^2 a^2 + λ^2 ( F^′ (λ, r) F^′ (λ, r) ) ] V_{c2T P E} (r) = 1 4 ( g f )^2 2 f^2 t_m · t_nϵ_i · ϵ^∗_f 1 π � dλ λ^2 a^2 + λ^2 ( F^′ (λ, r) F^′ (λ, r) )

V_{dT P E} (r) = 1 4 1 f^4 t_m · t_nϵ_i · ϵ^∗_f 2 π � dλλ^2F^2(λ, r) (12)

where r̂ = ⃗r/r .Thus the two-pion exchange potential between D and D^∗ is :

V_{T P E} (r) = V_{aT P E} (r) + V_{bT P E} (r) + V_{c1T P E} (r) + V_{c2T P E} (r) + V_{dT P E} (r) (13)

The two-pion exchange potential is spin-dependent via the factor ϵ_i ·r̂ϵ^∗_f ·r̂. Since S wave dominates in the ground state, ϵ_i · r̂ϵ^∗_f · r̂ can be averaged as^1_3 ϵ_i · ϵ^∗_f . Similar to the one-pion exchange potential, Eq.(13) is also complex via the term √ 4m^2_π − a^2. In the numerical calculation, we will only use the real part of Eq. (6) and Eq. (13).

We show the dependence of the real part of Eq. (6) and Eq. (13) on the distance and the cutoff in Appendix B. Obviously both Eq. (6) and Eq. (13) are sensitive to the cutoff, but the chiral perturbation expansion converge well. This implies that the regularization method works well. Although the magnitude of the two-pion exchange is not comparable with that of the one-pion exchange, the former provides a repulsive potential in the intermediate range which will play an important role in binding D̄D^∗.

3.3 Two-kaon Exchange Potential

Normally, the kaon-exchange is negligible in comparison with the pion-exchange because the former provides a shorter distance interaction due to the much heavier kaon’s mass. However, as we pointed out above, because D mesons are heavier than nucleons, short and intermediate range interactions may be more important than in the case of the nucleons. Besides, since there is not one-kaon exchange, the “iterated one-kaon exchange” must be kept which is enhanced by the factor 1/Δ. These aspects motivate our calculation of the two-kaon exchange potential.

The Feynman diagrams for kaon-exchange are similar to the pion-exchange. The exception is that “iterated one-kaon exchange” should be retained. The “iterated one-kaon exchange” is the important part of of the two-kaon exchange and makes the latter more sensitive to the cutoff Λ. This situation also arises in the case of DD̄ as discussed below. In momentum space, the two-kaon exchange potential is:

V_{aT KE} = − 1 24 ( g f )^4(3 − 8t_m · t_n) � d^3l (2π)^3

(⃗l^2 − ⃗q^2)(⃗l − ⃗q) · ϵ_i(⃗l + ⃗q) · ϵ^∗_f { [ 1 b − c 1 (ω^2_1 − c^2)(ω^2 − c^2) ]

+ 1 2(b − c) [[ 1 ω_1(ω_1 + b) − 1 ω_2(ω_2 + b) ] 1 ω^2 − ω^2_1 − [ 1 ω_1(ω_1 + c) − 1 ω_2(ω_2 + c) ] 1 ω^2 − ω^2_1 ] } V_{bT KE} = − 1 24 ( g f )^4(3 + 8t_m · t_n) � d^3l (2π)^3

(⃗l^2 − ⃗q^2)(⃗l − ⃗q) · ϵ_i(⃗l + ⃗q) · ϵ^∗_f 1 (b + c) { 1 (ω^2_1 − c^2)(ω^2 − c^2) − 1 2 [ 1 ω_1(ω_1 + b) − 1 ω_2(ω_2 + b) ] 1 ω^2 − ω^2_1 − 1 1 [ 1 ω_1(ω_1 + c) − 1 ω_2(ω_2 + c) ] 1 ω^2 − ω^2_1 } V_{c1T KE} = 1 6 ( g f )^2 2 f^2 t_m · t_n � d^3l (2π)^3

(⃗l − ⃗q) · ϵ_i(⃗l + ⃗q) · ϵ^∗_f 1 2 [ 2c ω^2 − ω^2_1 ( 1 ω^2_1 − c^2 − 1 ω^2 − c^2 ) + 1 ω^2 − ω^2_1 ( 1 ω_1 + c − 1 ω_2 + c ) ]

V_{c2T KE} = 1 6 ( g f )^2 2 f^2 t_m · t_n � d^3l (2π)^3 ϵ_i · ϵ^∗_f (⃗l^2 − ⃗q^2) 1 2 [ 1 ω^2 − ω^2_1 ( 1 ω_1 + b − 1 ω_2 + b )]

V_{dT KE} = 1 6 1 f^4 t_m · t_n � d^3l (2π)^3 ϵ_i · ϵ^∗_f ( ω_1 ω^2_1 − ω^2 + ω_2 ω^2 − ω^2_1 ) (14)

In coordinate space:

V_{aT KE} = − 1 24 ( g f )^4(3 − 8t_m · t_n)ϵ_i · r̂ϵ^∗_f · r̂ 1 b − c

{e^{2c2}Λ^2 [ 2 r^2

I^′_2( √ 4m^2_k − c^2, r)I^′_2( √ 4m^2_k − c^2, r)

+I^{′′}_2 ( √ 4m^2_k − c^2, r)I^{′′}_2 ( √ 4m^2_k − c^2, r)] +[ 2b π � dλ b^2 + λ^2 [ 2 r^2

F^′_k (λ, r) F^′_k (λ, r) + F^{′′}_k (λ, r) F^{′′}_k (λ, r) ]

− 2c π � dλ c^2 + λ^2 [ 2 r^2

F^′_k (λ, r) F^′_k (λ, r) + F^{′′}_k (λ, r) F^{′′}_k (λ, r) ] ]} V_{bT KE} = − 1 24 ( g f )^4(3 + 8t_m · t_n)ϵ_i · r̂ϵ^∗_f · r̂ 1 b + c

{e^{2c2}Λ^2 [ 2 r^2

I^′_2( √ 4m^2_k − c^2, r)I^′_2( √ 4m^2_k − c^2, r)

+I^{′′}_2 ( √ 4m^2_k − c^2, r)I^{′′}_2 ( √ 4m^2_k − c^2, r)] −[ 2b π � dλ b^2 + λ^2 [ 2 r^2

F^′_k (λ, r) F^′_k (λ, r) + F^{′′}_k (λ, r) F^{′′}_k (λ, r) ]

+ 2c π � dλ c^2 + λ^2 [ 2 r^2

F^′_k (λ, r) F^′_k (λ, r) + F^{′′}_k (λ, r) F^{′′}_k (λ, r) ] ]} V_{c1T KE} = 1 6 ( g f )^2 2 f^2 t_m · t_nϵ_i · r̂ϵ^∗_f · r̂ 1 2 [2ce^{2c2}Λ^2 I^′_2( √ 4m^2_k − c^2, r)I^′_2( √ 4m^2_k − c^2, r) + 2 π � dλ λ^2 c^2 + λ^2 ( F^′_k (λ, r) F^′_k (λ, r) ) ] V_{c2T KE} = 1 6 ( g f )^2 2 f^2 t_m · t_nϵ_i · ϵ^∗_f 1 π � dλ λ^2 b^2 + λ^2 ( F^′_k (λ, r) F^′_k (λ, r) )

V_{dT KE} = 1 6 1 f^4 t_m · t_nϵ_i · ϵ^∗_f 2 π � dλλ^2F^2_k (λ, r), (15)

where b = 2(M_D∗_s − M_D), c = 2(M_D∗ − M_{Ds} ).

The SU(3) symmetry is significantly broken by the kaon’s mass and the parameters b and c because these quantities are proportional to the light quark masses. The SU(3) symmetry may also be broken by the coupling

g f , which certainly is not a linear function of the light quark masses. Since we do not know the value of the^g_f , we will assume that the coupling^g_f does not change much in the two-kaon exchange. This assumption normally gives about a twenty percent uncertainty. Based on this assumption, we find the two-kaon exchange is comparable to the two-pion exchange. The two-kaon exchange also induces spin-orbital coupling ϵ_i · r̂ϵ^∗_f · r̂, so we average it in S-wave space. The dependence of Eq. (15) on the distance and the cutoff is shown in Appendix B. At short distance the two-kaon exchange is more important than the two-pion exchange.

3.4 Bound State of DD^∗

To bind DD^∗, the one-pion exchange must provide an attractive potential,so the I=0 state must be assigned as |DD̄^∗⟩ − |D^∗D̄⟩ while the I=1 state is assigned as |DD̄^∗⟩ + |D^∗D̄⟩. There is a controversy about the convention of the vector field change under charge conjugation[15][16], but the convention used should not change the physics. In our case, we just refer to the Lagrangian (1) which is invariant under charge conjugation transformation, so the vector field changes sign after charge conjugation while the pseudoscalar field does not change sign. In the channel I=0 the charge parity is positive while the charge parity is negative in the channel I=1. This is consistent with [17]. The isospin symmetry may be broken just as in the case of X(3872), but its mechanism is not clearly known. In our case, the potential has no significant isospin symmetry breaking, so we do not consider isospin symmetry breaking. The mixing between S wave and D wave can be induced by spin-orbital coupling. The meaning of the mixing have been discussed in [13][17]. In our case, we find such mixing is not important to reduce the value of the cutoff. This is also consistent with the view given in [17].

Considering the s-wave state with I=0, without the two-pseudoscalar exchange, we find the bound state of DD̄^∗ appears when Λ ≥ 1750MeV , where we use M_D = 1865MeV, M_D∗ = 2007MeV, M_{Ds} = 1968MeV, M_D∗_s = 2112MeV . This value is almost same as the one given in [17] in which the mixing effects have been considered. After including the two-pion exchange, the bound state starts to appear at Λ = 1450MeV . Including the twokaon and two-pion exchange we find a bound state at Λ = 1360MeV . Although the magnitude of the two-pion exchange is smaller than the two-kaon exchange, the former is more important in binding DD̄^∗. The role of the two-pion exchange is very similar to the role of the σ’s in nuclear physics, which provides a repulsive potential in the intermediate range. Since the expansion of Chiral Perturbation Theory in D systems converges more quickly than in nucleons, the two-pseudoscalar exchange seems insufficient to lower Λ to 1000MeV.

In the case of I=1, the one-pion exchange potential is only one-third of I=0, so we can rule out completely the existence of the DD̄^∗ bound state. In Table 1 we summarize the binding energy of DD^∗ in I=0,1 with various values of the cutoff.

Λ[MeV] E_{bind} [Mev] E = M − E_{bind}[MeV] 1350 Not found - 1360 -0.21 3871.58 1400 -1.5 3870.29 1450 -4.07 3867.72 1500 -8.14 3863.65 1550 -14.1 3857.69 1600 -22.35 3849.44

Λ[MeV] E_{bind} [Mev] E = M − E_{bind}[MeV] 3200 Not found - 3250 -2.49 3869.30 3300 -7.4 3864.39 3350 -15.26 3856.53 3400 -26.52 3845.27 3450 -41.63 3830.16 3500 -61.09 3800.70

Table.1 The bound state of DD^∗. Left half is I=0 state while right half is the I=1 state.

Our discussion can be easily extended to the case of BB̄^∗. As the mass difference between B and B^∗ is smaller than the mass of π, the potential is completely real. The larger masses of M_B = 5279.5MeV and M_B∗ = 5325.1MeV make them easier to form a bound state than the DD^∗ sys em. We list our results in Table 2.

4 DD Potential and Bound State

In the same way, we calculate the two-pion exchange potential of D and D. The calculation procedure is almost the same as that between D and D^∗. The only exception is that we need not extract the “iterated one-pion exchange”,

Λ[MeV] E_{bind} [Mev] E = M − E_{bind}[MeV] 700 Not Found - 750 -0.79 10604 800 -2.08 10601 850 –4.04 10600 900 -6.81 10598 1000 -15.53 10589

Λ[MeV] E_{bind} [Mev] E = M − E_{bind}[MeV] 1750 Not Found - 1800 -0.55 10604 1850 -1.49 10603 1900 -2.89 10601 1950 -4.82 10600 2000 -7.37 10597

Table.2 The binding energy of BB^∗ state. The left one is I=0 state while the right one is I=1 state.

because there is no one-pion exchange between DD̄. Besides, we notice that there are two D^∗ (nine different spin modes) in the intermediate states, so we expect the two-pion exchange between DD̄ is much larger than that of DD̄^∗

Straightforward calculation of each diagram in Fig. 1, leads to the potentials in momentum space:

V_a = − 1 16 ( g f )^4(3 − 8t_m · t_n) � d^3l (2π)^3

(⃗l^2 − ⃗q^2)^2 1 2a [ 1 ω_1(ω_1 + a) − 1 ω_2(ω_2 + a) ] 1 ω^2 − ω^2_1

(16)

V_b = − 1 16 ( g f )^4(3 + 8t_m · t_n) � d^3l (2π)^3

(⃗l^2 − ⃗q^2)^2 1 2 [ 1 ω_1(ω_1 + a)^2 − 1 ω_2(ω_2 + a)^2 ] 1 ω^2 − ω^2_1

(17)

V_c = 1 16 ( 2g f )^2 2 f^2 t_m · t_n � d^3l (2π)^3

(⃗l^2 − ⃗q^2) 1 2 ( 1 ω_1 + a − 1 ω_2 + a ) 1 ω^2 − ω^2_1

(18)

V_d = 1 4 1 f^4 t_m · t_n � d^3l (2π)^3 ( ω_1 ω^2_1 − ω^2 + ω_2 ω^2 − ω^2_1 ) (19)

and in coordinate space V (r) = V_a(r) + V_b(r) + V_c(r) + V_d(r), (20) where

V_a(r) = − 1 16 1 π ( g f )^4(3 − 8t_m · t_n) � dλ 1 a^2 + λ^2 [ 2 r^2

F^′ (λ, r) F^′ (λ, r) + F^{′′} (λ, r) F^{′′} (λ, r) ] (21)

V_b(r) = − 1 16 1 π ( g f )^4(3 + 8t_m · t_n) � dλ a^2 − λ^2 (a^2 + λ^2)^2 [ 2 r^2

F^′ (λ, r) F^′ (λ, r) + F^{′′} (λ, r) F^{′′} (λ, r) ] (22)

V_c(r) = 1 16 1 π ( 2g f )^2 2 f^2 t_m · t_n � dλ λ^2 a^2 + λ^2 ( F^′ (λ, r) F^′ (λ, r) ) (23)

V_d(r) = 2 4π 1 f^4 t_m · t_n � dλλ^2F^2(λ, r). (24)

In Fig. 2 we show the potential with various values of Λ. The potential is significantly larger and more sensitive to Λ than the corresponding one in DD̄^∗. This implies that a bound state of DD̄ may appear at not very large Λ. We summarize our numerical results in Table 3, where the bound state with I=0 appears atΛ = 1750MeV . Similar to the case of DD̄^∗, we can also add the two-kaon exchange, which lowers Λ to 1650MeV. Though the bound state of DD̄ seems impossible, our calculation shows the two-pion exchange of DD̄ may be comparable with the one-pion exchange of DD̄^∗ (for instance, at Λ = 1200MeV ) not only in their magnitude but also in their interaction range. If the coupling in some heavy hadron systems is larger (two times or so), the bound state is indeed possible even without the one-pion exchange.

Figure 2: The left figure shows the potential of DD in I=0 while the right is the case of I=1.

Λ[MeV] E_{bind} [Mev] E = M − E_{bind}[MeV] 1700 Not found - 1750 -4.54 3725.12 1800 -21.1 3708.56 1850 -48.57 3681.09 1900 -90.68 3638.98 1950 -151.04 3578.62 2000 -233.54 3496.12

Λ[MeV] E_{bind} [Mev] E = M − E_{bind}[MeV] 2700 Not found - 2750 -1.53 3728.13 2800 -14.71 3714.95 2850 -36.19 3693.47 2900 -68.68 3660.98 2950 -114.53 3615.13 3000 -176.06 3553.60 Table 3: these two tables show the binding energy of DD with different Λ values. The left one is the I=0 situation, while the right one is the I=1 case.

5 Summary and Discussion

In this work, we first calculated the two-pseudoscalar exchange potentials between D mesons and D̄^∗ mesons by using Gaussian type form factor to regularize loop integrals. As expected, the chiral perturbative expansion converges very quickly. At any value of the cut-off Λ (in a big enough region), the magnitude of the two-pion exchange potential is only 1/20 ∼ 1/10 of the one-pion exchange potential as in the naive estimate given in [19]. This indicates that the regularization scheme works well. The smallness of the magnitude does not mean it is unimportant in dynamics, because the shape of the potential is more important than the magnitude of the potential. The two-pion exchange provides a repulsive potential, which is very similar to the case of deuteron. After considering the two-pion exchange, we find the bound state of DD̄^∗ emerges at Λ = 1450MeV . Further considering two-kaon exchange, we reduce the cutoff to 1360MeV . This value still has a significant difference from 1000MeV , but is already consistent with [3][16][17](Note that a 100MeV difference may be induced by the different regulators.). Very similar to the deuteron case, we check that the multi-pseudo-goldstone exchange can recover the results of phenomenological model approaches. Though the cut-off is still too larger than 1000MeV , but it is still possible. In the NN interactions the value of Λ varies between 800 to 1500GeV depending on different applications. In deuteron case, the Λ could arrive at 1150MeV[23]. In the heavy meson-meson case, because the size of heavy meson is smaller than nucleon, N.A.Tornqvist[3] suggested the values of Λ is between 900MeV to 1400MeV. 1360MeV should not be a surprised value. For BB̄^∗ system, the bound state appears at a much smaller cut-off. If the cut-off is chosen as the same as that for X(3872), BB̄^∗ will be more deeply bound. In the ref.[25], it is argued that the cut-off in BB̄^∗ system may be 15 percent different from that in DD̄^∗ system. If the cut-off of BB̄^∗ is 15 percent less, then binding energy is around -30MeV. This result is consistent with [25]. (In [25] the authors assume the contact terms are the dominant interaction. This is a quite different approach from ours. However, because the full theory must include both contact terms and multi-pion exchanges, both of these two methods(ours and [25]) are dependent on the cut-off. A suitable cut-off means to choose a proper short-distance interaction in our case, while it means to choose a proper long-distance interaction in [25].) It may be noticed that, from the point of N.A.Tornqvist, the cut-off for BB̄^∗ system should not be smaller than that for X(3872), so the bound state of BB̄^∗ may be deeper We also calculated the two-pion exchange potentials between D mesons and D̄ mesons. In the absence of onepion exchange , the two pion-exchange potential between DD̄ is several times larger than that between DD̄^∗. This reminds of us that some heavy hadrons may be bound as a molecule state even without the one-pion exchange.

6 Acknowledgements

This work is supported partly by NNSFC under Projects No. 11175153 and the Fundamental Research Funds for the Central Universities. We would like to thank Prof. Jifeng Yang for very helpful discussions.

References

[1] J. Beringer et al. [Particle Data Group Collaboration], Phys. Rev. D 86, 010001 (2012). [2] Robert L. Jaffe, Phys.Rev. D15 267(1977); Harry J. Lipkin, Phys.Lett. B70, 113(1977); J. D. Weinstein and N. Isgur, Phys. Rev. Lett. 48, 659 (1982); J. D. Weinstein and N. Isgur, Phys. Rev. D 27, 588 (1983).

[3] N. A. Tornqvist, Z. Phys. C 61, 525 (1994) [arXiv:hep-ph/9310247].

[4] S. K. Choi et al. [Belle Collaboration], Phys. Rev. Lett. 91, 262001 (2003) [arXiv:hep-ex/0309032]. [5] D. E. Acosta et al. [CDF II Collaboration], Phys. Rev. Lett. 93, 072001 (2004) [arXiv:hep-ex/0312021]. [6] V. M. Abazov et al. [D0 Collaboration], Phys. Rev. Lett. 93, 162002 (2004) [arXiv:hep-ex/0405004]. [7] B. Aubert et al. [BABAR Collaboration], Phys. Rev. D 71, 071103 (2005) [arXiv:hep-ex/0406022]. [8] Yu Jia, Wen-Long Sang and Jia Xu, arXiv:1007.4541v2 [hep-ph]; P. del Amo Sanchez. et al, Phys. Rev D82, 011101(2010); C. Hanhart, Yu. S. Kalashnikova, A. E. Kudryavtsev and A. V. Nefediev, Phys. Rev. D85, 011501(2012);

[9] F. E. Close and P. R. Page, Phys. Lett. B 578, 119 (2004) [arXiv:hep-ph/0309253]. [10] M. B. Voloshin, Phys. Lett. B 579, 316 (2004); e. Braaten and M. Kusunoki, Phys. Rev. D69, 074005(2004);

M. T. Alfiky, F. Gabbiani and A. A. Petrov, Phys. LettB640, 236(2006); D. Gamermann and E. Oset, Phys. Rev. D80, 014003(2009).

[11] E. S. Swanson, Phys. Lett. B 588, 189 (2004) [arXiv:hep-ph/0311229]. [12] C. Y. Wong, Phys. Rev. C 69, 055202 (2004) [arXiv:hep-ph/0311088]. [13] N. A. Tornqvist, Phys. Lett. B 590, 209 (2004) [arXiv:hep-ph/0402237].

[14] Ricardo D’Elia Matheus, S. Narison, M. Nielsen and J.M. Richard , Phys.Rev. D75, 014005 (2007). [15] Y. R. Liu, X. Liu, W. Z. Deng and S. L. Zhu, Eur. Phys. J. C 56, 63 (2008) [arXiv:0801.3540 [hep-ph]]. [16] C. E. Thomas and F. E. Close, Phys. Rev. D 78, 034007 (2008) [arXiv:0805.3653 [hep-ph]]. [17] I. W. Lee, A. Faessler, T. Gutsche and V. E. Lyubovitskij, Phys. Rev. D 80, 094005 (2009) [arXiv:0910.1009 [hep-ph]].

[18] C. Ordonez, L. Ray and U. van Kolck, Phys. Rev. C 53, 2086 (1996) [arXiv:hep-ph/9511380].

[19] S. Fleming, M. Kusunoki, T. Mehen and U. van Kolck , Phys.Rev. D76, 034006 (2007).

[20] M. B. Wise, Phys. Rev. D 45, 2188 (1992).

[21] T. A. Rijken, Annals Phys. 208, 253 (1991). T. A. Rijken and V. G. J. Stoks, Phys. Rev. C 46, 73 (1992).

[22] M. M. Nagels, T. A. Rijken and J. J. de Swart, Phys. Rev. D 17, 768 (1978).

[23] V. G. J. Stoks, R. A. M. Klomp, C. P. F. Terheggen and J. J. de Swart, Phys. Rev. C 49, 2950 (1994) [arXiv:nucl-th/9406039].

[24] N. Kaiser, R. Brockmann and W. Weise, Nucl. Phys. A 625, 758 (1997) [arXiv:nucl-th/9706045].

[25] J. Nieves, M. Pavon Valderrama, Phys. Rev. D84, 056015(2011).

Appendix A

Functions used in the potential function:

F (λ, r) = e^{− λ2}Λ^2 I_2( √ (2m_π)^2 + λ^2, r) I_2(m, r) = m 4π ϕ^0_c (m, r)

ϕ^0_c (m, r) = e^{m2}Λ^2 [ e^{−mr}Erfc(− Λr 2 + m Λ ) − e^{mr}Erfc( Λr 2 + m Λ ) ] 1 2mr ϕ^0_{so}(m, r) = [ e^{m2}Λ^2 { (1 + mr)e^{−mr} Erfc(− Λr 2 + m Λ ) − (1 − mr)e^{mr} Erfc( Λr 2 + m Λ ) } − 4 √ π ( Λr 2 )e^{−( Λr2 )2} ] 1 2(mr)^3

ϕ^1_c (m, r) = ϕ^0_c (m, r) − 1 2 √ π ( Λ m )_3 e^{−( Λr2 )2} d dr ϕ^0_c (m, r) = −m^2rϕ^0_{so}(m, r)

d^2 dr^2 ϕ^0_c (m, r) = m^2ϕ^1_c (m, r) − 2 r d dr ϕ^0_c (m, r)

The function Erfc(x) is the complementary error function. More details can be found in the Appendix of Ref[21].

Appendix B

Here we showed figures for the one-pion, two-pion and two-kaon exchange potential of DD^∗ in the channel I=0.

Figure 3: In this figure, we show the potential of DD^∗ when Λ = 1000MeV . The solid line is the total potential, the dot-dashed line is the one-pion exchange potential, the dashed line is the two-pion exchange potential, and the dotted line is the two-kaon exchange potential.

Figure 4: In this figure, we show the total potential of DD^∗ with different Λ.

Figure 5: The one-pion exchange potential, two-pion exchange potential and two-kaon exchange potential of DD^∗ are shown for different Λ.