arXiv:1306.2944v1 [hep-ph] 12 Jun 2013

A Holographic Model of Heavy-light Mesons

Yang Bai^a and Hsin-Chia Cheng^b

a Department of Physics, University of Wisconsin, Madison, WI 53706, USA b Department of Physics, University of California, Davis, CA 95616, USA

Abstract

We construct a holographic model of heavy-light mesons by extending the AdS/QCD to incorporate the behavior of the heavy quark limit. In that limit, the QCD dynamics is governed by the light quark and the heavy quark simply plays the role of a static color source. The heavy quark spin symmetry can be treated as a global symmetry in the AdS bulk. As a consequence, the heavy-light mesons are mapped to “fermions” in the AdS theory. The light flavor chiral symmetry is naturally built in by this construction, and its breaking produces the splitting of the parity-doubled heavy-light meson states. The scaling dependences of physical quantities on the heavy quark mass in the heavy quark effective theory are reproduced. The mass spectra and decay constants of the B and D mesons can be well fit by suitable choices of model parameters. The couplings between the heavy-light mesons and the pions are also calculated. The holographic model may capture the essence of the long distance effects of QCD and can serve as a useful tool for studying the non-perturbative hadronic matrix elements involving heavy-light mesons.

1 Introduction

The bottom-up AdS/QCD [1–3] attempts to approximate the low-energy Quantum Chromodynamics (QCD) by a five-dimensional (5D) theory living in a slice of anti-de Sitter (AdS) space using the AdS/CFT correspondence [4–6]. Even though it is not derived from the first principle and the real QCD is neither conformal nor possessing large number of colors (N_c), it has worked reasonably well in describing the low-energy mesons made of light quarks. Many features of the low-energy QCD, such as Vector Meson Dominance [7] and Hidden Local Symmetry [8], are built in the AdS/QCD. Its success may be viewed as that it captures some essence of the strong dynamics of QCD.

The simplest version of AdS/QCD describes the J^{P C} = 1^{−−} vector mesons, 1^{++} axial vector mesons, and the J^P = 0^− Nambu-Goldstone bosons (pions) associated with the chiral symmetry SU(N_f )_L × SU(N_f )_R for N_f light quarks. The action is given by S = ∫ d^5xM_5 √ g Tr [ − 1 2 (L_{MN} L^{MN} + R_{MN} R^{MN} ) + |D_M Σ|^2 − M^2_Σ|Σ|^2 ] , (1)

with the AdS metric ds^2 =

R^2 z^2 (η_{μν} dx^μdx^ν − dz^2), (2) between the UV-boundary (z = ϵ) and the IR-boundary (z = L_1), where R is the AdS curvature radius. The L_{MN} and R_{MN} are the field strength tensors of the SU(N_f )_L and SU(N_f )_R gauge symmetry in the bulk which are associated with the corresponding SU(N_f )_L and SU(N_f )_R current operators of QCD. The scalar field Σ transforms as (N_f , N̄_f ) which corresponds to the q̄_Rq_L operator in QCD. D_M is the gauge covariant derivative, D_M Σ = ∂_M Σ + iL_M Σ − iΣR_M . M_5 is related to the 5D gauge coupling, M_5 = 1/g^2_5 , and is taken as the 5D fundamental scale. The solution of Σ in the bulk takes the form: ⟨Σ(z)⟩ = [ M_q R z ( z R )_{3−ΔΣ} + ξ RL^3_1 z^3 ( z R )_{ΔΣ−3}] I_{Nf} , (3)

where Δ_Σ is the scaling dimension of the q̄q operator and is related to the Σ field bulk mass by Δ_Σ(4 − Δ_Σ) = M^2_ΣR^2. The first term is associated with the light quark mass M_q which corresponds to an explicit chiral (and conformal) symmetry breaking effect, and the coefficient of the second term is related to the vacuum expectation value (VEV) of the q̄q operator, which spontaneously breaks the chiral (and conformal) symmetry. The model has few parameters and can be used to fit a wide range of light meson data. The number of parameters can be further reduced if one matches them to the perturbative QCD results as was done in the original AdS/QCD papers [1–3]. There, the scaling dimension was taken to be the naïve dimension of the q̄q operator, Δ_Σ = 3. As a consequence, the predictions depend on the combination M_5R but not on M_5 or R separately. If one further matches the two-point function in the UV to the perturbative QCD result, one finds

M_5R = N_c 12π^2

. (4)

After taking the position of the UV-boundary ϵ to 0, the predictions of this simplest model only depend on three parameters: the light quark mass M_q, the position of the IR-boundary L_1 which corresponds to the confinement scale, and ξ which represents the ratio of chiral symmetry breaking and the confinement scale, both of which are related to a common QCD scale Λ_{QCD}. They can be chosen to fit the light meson spectrum. Specifically, to fit the ρ and a_1 masses it was found that L^{−1}_1 ≈ 320 MeV and ξ ≈ 4, and M_q can be obtained by fitting the π mass [2]. The theory can then be used to calculate a variety of low-energy quantities, including the mass spectrum of the excited meson states, decay constants, couplings among meson states, and coefficients of the chiral Lagrangian. A reasonable agreement with the experimental measurements has been found for the ground states. The spectrum of the higher excited meson states does not follow the Regge trajectory in this simple hard-wall model where there is a sharp IR cutoff at z = L_1, but it can be improved by introducing a soft-wall potential in the bulk [9]. Given the simplicity of the model and its crude approximation to the real QCD, the extent of the agreement with the real QCD data is quite impressive.

The success faces challenges when one tries to include the 1^{+−} h_1/b_1-like mesons. They are created by the dimension-3 tensor operator, q̄σ^{μν} T^aq which are associated with a two-form field in the AdS bulk [10–12]. In particular, if one also requires the new parameters related to the two-form field sector to be matched to the perturbative QCD values, the predictions of the AdS/QCD do not match well with the actual data and even the success of 1^{−−} meson sector is ruined due to mixing of the vector and tensor operators [12]. However, it was argued in Ref. [13] that there is no reason to insist that the parameters in AdS/QCD should be matched to the perturbative QCD values. The two theories have different UV limits and the renormalization group (RG) running in the real QCD can change the parameters in the IR. Therefore, it was advocated in Ref. [13] that the parameters other than those protected by symmetries should be treated as free parameters to be fit from the experimental data. It turns out that the best-fit values for the parameters in the original AdS/QCD are close to the old values matched perturbative QCD, while the new parameters involving the two-form field need to take different values [13]. In that case, at least the success of the original hard-wall AdS/QCD is preserved though the predictions of the b_1 sector are not as good.

Because AdS/QCD and the real QCD have different UV limits, one should not expect AdS/QCD to be a good model for QCD at high energies far above Λ_{QCD}. As shown in Ref. [14], the event shape of the AdS/QCD in high energy collisions is more spherical with high multiplicities, unlike the jetty structure in the real QCD. Indeed, at high energies the QCD coupling is perturbative and there is no need to choose a dual theory where the coupling is strong and perform calculations there. For the same reason, AdS/QCD may not be a good approximation when applied to heavy quarkonium states [15–18]. An interesting question is whether AdS/QCD can provide a good approximation to QCD bound states made of both heavy and light quarks, in particular, the heavy-light mesons such as B and D mesons. In the heavy quark limit, the heavy quark in a heavy-light meson just plays the role of a static color source and the dynamics is governed by the light quark. From this point of view, one might expect that the success of the AdS/QCD for the light mesons could be carried over to the heavy-light meson system. There have been studies of AdS/QCD for the heavy-light mesons in the top-down approach with string and brane constructions as well as the light-front holography [15, 16, 19–21]. In this paper we follow the bottom-up approach of Ref. [1,2] and extend it to the heavy-light meson system. We try to fit the real experimental or lattice B and D meson data and hope that such a model can reproduce the qualitative feature of the non-perturbative aspects of the heavy-light mesons.

In the heavy quark limit, the heavy-light mesons exhibit the heavy quark spin symmetry SU(2)_h × SU(2)_l. The scalar and vector mesons related by the spin symmetry become degenerate in that limit. It is convenient and commonly done in the heavy quark effective theory (HQET) to express them as a bi-spinor field where the spin symmetry can be made manifest. (For a review of the HQET, please see Ref. [22].) Since the heavy quark is static, its fermionic nature plays no role other than providing the multiplicity of the spin states. One might as well treat the heavy quark as a boson and the heavy quark spin symmetry as a global symmetry. The light quark component, on the other hand, participates in the strong dynamics which may be modeled by AdS/QCD. This suggests that in AdS/QCD, the heavylight mesons should be mapped to “fermions” in the AdS bulk, with the heavy quark spin symmetry treated as a bulk flavor symmetry. We show that in such a setup, which we dub AdS-HQET, many heavy-light meson data can be described in the AdS/QCD model with suitable parameters. It may provide qualitative insights of nonperturbative effects of processes involving heavy-light mesons. Since AdS/QCD is at best a crude approximation for the real QCD, we only focus on the leading effects in the heavy quark limit. Effects suppressed by the heavy quark mass such as the mass splitting between the spin-0 and spin-1 mesons from the hyperfine interaction will not be considered in this paper.

This paper is organized as follows. In Sec. 2 we review the HQET formalism for heavy-light mesons and set up our notations and convention. We then derive the fermionic Lagrangian in the static heavy quark limit, which serves as the starting point to construct the holographic AdS-HQET model. In Sec. 3, we incorporate the heavy-light mesons into AdS/QCD in the chiral limit as an illustration of the construction and calculation techniques. In Sec. 4 the chiral symmetry breaking and the splitting between the parity doublets of the heavy-light mesons are introduced. We perform fits of the spectrum and decay constants to the experimental and lattice data to determine the model parameters. We also calculate the coupling of the heavy-light mesons to the pions. The future applications of the AdS-HQET model, such as computations of weak-interaction processes involving heavy-light mesons, are discussed in Sec. 5.

2 Effective Lagrangian for Heavy-light Mesons

In this section we review the effective Lagrangian for the heavy-light mesons and show that they can be put in a form of the fermion Lagrangian which will be our starting point to incorporate them into AdS/QCD. We follow the notation of HQET in Ref. [23] by Bardeen, Eichten and Hill (BEH), in which the spin-zero and spin-one mesons are combined to be written as a velocity-dependent bi-spinor field

H_v = (iγ_5H_v + γ_μH^μ_v ) ( 1 + /v 2 ) . (5)

Here, H_v (0^−) and H^μ_v (1^−) represent spin-zero and spin-one mesons, respectively, and the velocitydependent field is related to the original field by

H_v = √ Me^{iMv·x}H, (6) where M represents the heavy quark mass.^1 We have chosen the first index in H to be the light quark spinor index and the second index to be the heavy quark spinor index. The field H_v satisfies H_v /v = H_v and /v H_v = −H_v using the relation v_μH^μ = 0 for physical spin-one particles. It was shown in the Appendix of Ref. [23] that to order 1/M the free Lagrangian of H_v can be written as

L_0 = −i Tr(H_v v · ∂H_v) + δM Tr(H_vH_v) , (7)

where δM ≪ M represents the difference between the meson mass and the heavy quark mass. The division between M and δM is somewhat arbitrary and for convenience we can “gauge away” δM [23]. Similarly, we have the bi-spinor H^′_v for parity-even states constructed from H^′ (0^+) and H^{′ μ} (1^+). Combining H_v and H^′_v we can form linear representations of the light flavor chiral symmetry SU(N_f )_L × SU(N_f )_R,

H_{L v} = 1 √ 2 (H^′_v − H_v) , H_{R v} = 1 √ 2 (H_v + H^′_v) , (8)

1This definition differs from that of BEH by √ 2 for later convenience.

with H_{L v} transforming as (N_f , 1) and H_{R v} transforming as (1, N_f ) under the chiral symmetry. It was argued that in the chiral symmetry limit, H_{L v} and H_{R v} are degenerate and form a paritydoublet [23–26].

The Lagrangian in Eq. (7) can also be written equivalently as L = Tr ( H i/∂ H ) + M Tr ( H H ) , (9) if we define H ≡ e^{−iMv·x}H_v. It looks like a fermion Lagrangian except that the adjoint of the bi-spinor is defined with γ^0 multiplying on both spinor indices, H = γ^0H^†γ^0. In the Pauli-Dirac representation, γ^0 is given by

γ^0 = ( I_2 0 0 −I_2 ) , where I_2 is the 2 × 2 unit matrix. (10)

If we treat the heavy quark spinor index as a flavor index, this Lagrangian simply describe four species of fermions with the last two fermions having the opposite sign in the Lagrangian. Since the bi-spinor fields always appear in pairs, we can redefine the field to absorb the minus sign in the path integral, i.e., treating H^† and H as independent fields and absorb the γ^0 multiplied on the heavy quark spinor index into H^†, then it takes the standard form of the fermion Lagrangian. The reason that we can describe the heavy-light mesons by fermion fields simply reflects the fact that the heavy quark just plays the role of a static color source and whether it is a fermion or a boson does not affect the dynamics, as long as we do not include heavy quark loops in the calculation.

In the fermionic theory, we introduce a global flavor symmetry SU(2)_f to match the heavy spin symmetry SU(2)_h. Specifically, we consider two copies of four Weyl fermions, ψ^k_{1,L}, ψ^k_{1,R}, ψ^k_{2,L}, ψ^k_{2,R}, where “k = 1, 2” is the flavor index which represents the degrees of freedom coming from the heavy quark. Each Weyl fermion of course has a Lorentz spinor index “s = 1, 2” which corresponds to the spin degrees of freedom of the light quark. These Weyl fermions can be put into a 4 × 4 matrix form:

H^{Weyl} = ( ψ_{1,L} ψ_{2,L} −ψ_{2,R} −ψ_{1,R} ) , (11)

where the minus signs are just a convention. Just like the bi-spinor in the HQET, the first index of H^{Weyl} is spinor index of the light quark (except that it is in the Weyl representation), while the second index corresponds to the global flavor symmetry which is matched to the heavy spin symmetry in the HQET. If we identify H^{Weyl} with H and expand the Lagrangian of Eq. (9) (with only γ^0 on the light quark spinor side in the adjoint) in terms of the Weyl fermion components, the kinetic term and mass term are given by

Tr(H^{Weyl} i/∂ H^{Weyl}) = ψ_{1,L}iσ̄^μ∂_μψ_{1,L} + ψ_{1,R}iσ^μ∂_μψ_{1,R} + ψ_{2,L}iσ̄^μ∂_μψ_{2,L} + ψ_{2,R}iσ^μ∂_μψ_{2,R} , (12) M Tr(H^{Weyl} H^{Weyl}) = −M ( ψ_{1,L}ψ_{2,R} + ψ_{2,R}ψ_{1,L} + ψ_{2,L}ψ_{1,R} + ψ_{1,R}ψ_{2,L} ) , (13) where the SU(2)_f flavor indices are implicitly summed over. We see that it is indeed a standard Lagrangian describing four massive Dirac fermions.

To match to the meson fields, it is more convenient to transform the fermions from the Weyl representation to the Pauli-Dirac representation using the transformation relation in Appendix A,^2

H^{PD} = 1 √ 2 [ ψ_{1,L} − ψ_{2,R} ψ_{2,L} − ψ_{1,R} −(ψ_{1,L} + ψ_{2,R}) −(ψ_{2,L} + ψ_{1,R}) ] . (14)

On the other hand, in the rest frame of the heavy quark, v_μ → (1, 0, 0, 0), the projection operator (1 + /v)/2 in the Pauli-Dirac representation takes the form 1 + /v 2 → 1 + γ^0 2 = ( I_2 0 0 0 ) , (15)

and in terms of the spin-0 and spin-1 meson fields, H can be written as H = √ M(iγ_5H + γ^μH^μ) 1 + /v 2 → √ M ( 0 0 −σ^j H_j + iI_2H 0 ) . (16)

Comparing Eq. (16) and (14) and matching the heavy-light mesons to the chiral fermions, we have the following dictionary:

ψ_{1,L} + ψ_{2,R} = √ 2M (σ^j H_j − i I_2H) , (17)

or H = i 2 √ 2M Tr(ψ_{1,L} + ψ_{2,R}) , H^j = 1 2 √ 2M Tr [ σ^j (ψ_{1,L} + ψ_{2,R}) ] . (18)

The number of degrees of freedom in the Weyl fermion combination, ψ^k_{1,L} + ψ^k_{2,R}, are 2 × 2 = 4, which matches to that of one spin-zero meson H plus one physical spin-one meson H^j .

3 The AdS/QCD Model for Heavy-light Mesons in the Chiral Limit

We are now ready to write down the 5D AdS/QCD model for the heavy-light mesons. For simplicity we first consider the chiral limit and focus on the H_L sector. The effects of chiral symmetry breaking will be studied in the next section. The formalism developed in the previous section suggests that the heavy-light mesons should be represented by fermions in AdS/QCD. To include the heavy quark spin symmetry, we introduce two pairs of Dirac fermions in the AdS bulk,

Ψ^k_1(x, z) = ( Ψ^k_{1,L}(x, z) Ψ^k_{1,R}(x, z) ) , and Ψ^k_2 (x, z) = ( Ψ^k_{2,L}(x, z) Ψ^k_{2,R}(x, z) ) , (19)

2Here the transformation between the Weyl and Pauli-Dirac (PD) representations acts on the light spinor index only. For the heavy quark spinor index, the Pauli-Dirac representation is always used.

where k = 1, 2 corresponds the heavy quark spin degree of freedom. For notational simplicity, the k index will be suppressed in the rest of the paper. The quadratic action for these fermions in the 5D AdS space between the UV cutoff z = ϵ and IR cutoff z = L_1 is given by

S_{5D} ⊃ M_5 ∫ d^5x ( R z )_4 [

iΨ̄_{1,L}σ̄^μ∂_μΨ_{1,L} + iΨ̄_{1,R}σ^μ∂_μΨ_{1,R} − 1 2 (Ψ̄_{1,R} ←→ ∂_z Ψ_{1,L} − Ψ̄_{1,L} ←→ ∂_z Ψ_{1,R})

+iΨ̄_{2,L}σ̄^μ∂_μΨ_{2,L} + iΨ̄_{2,R}σ^μ∂_μΨ_{2,R} − 1 2 (Ψ̄_{2,R} ←→ ∂_z Ψ_{2,L} − Ψ̄_{2,L} ←→ ∂_z Ψ_{2,R}) − c z (¯ Ψ_{1,R}Ψ_{1,L} + Ψ̄_{1,L}Ψ_{1,R} ) + c z (¯ Ψ_{2,R}Ψ_{2,L} + Ψ̄_{2,L}Ψ_{2,R} )] . (20)

The “mass” terms for Ψ_1 and Ψ_2 determine the scaling dimensions of the CFT operators. They are chosen to be of opposite signs because Ψ_{1,L} and Ψ_{2,R} should have the same scaling dimension as we see from the previous section that Ψ_{1,L} + Ψ_{2,R} will correspond to the physical mesons. Their scaling dimension is Δ = 2 − c [27–31].

To incorporate the heavy quark mass we introduce the following term S_{mQ} = −M_5 ∫ d^5x ( R z )_5 λ_h η (¯ Ψ_{1,L}Ψ_{2,R} + Ψ̄_{2,L}Ψ_{1,R} + h.c. ) , (21)

where η corresponds to the heavy quark scalar bilinear operator QQ. Its VEV takes the form ⟨η⟩ = M λ_hR z , (22)

which corresponds to the heavy quark mass term (neglecting the heavy quark condensate). Plugging the VEV into Eq. (21), we obtain a constant mass term in the AdS bulk between Ψ_1 and Ψ_2, S_{mQ}^{⟨η⟩}= −M_5 ∫ d^5x ( R z )_4 M (¯ Ψ_{1,L}Ψ_{2,R} + Ψ̄_{2,L}Ψ_{1,R} + h.c. ) . (23)

For M > 1/R one might worry about the validity of the effective theory. However, this term only lifts the whole spectrum by M. The relevant momentum scale is still controlled by 1/L_1 which is of order Λ_{QCD} < 1/R. It is just like in the heavy-light meson system: the heavy quark simply provides a static color source and the dynamics is governed by the light quark with the relevant energy scale Λ_{QCD}.

The bulk equations of motions (EOM’s) are calculated to be

iσ̄^μ∂_μΨ_{1,L} + ∂_zΨ_{1,R} − c + 2 z Ψ_{1,R} − MΨ_{2,R} = 0 , (24)

iσ^μ∂_μΨ_{1,R} − ∂_z Ψ_{1,L} − c − 2 z Ψ_{1,L} − MΨ_{2,L} = 0 , (25)

iσ̄^μ∂_μΨ_{2,L} + ∂_zΨ_{2,R} + c − 2 z Ψ_{2,R} − MΨ_{1,R} = 0 , (26)

iσ^μ∂_μΨ_{2,R} − ∂_z Ψ_{2,L} + c + 2 z Ψ_{2,L} − MΨ_{1,L} = 0 . (27)

If we want to calculate the spectrum and the z-dependent wave functions of the meson states, we need to choose boundary conditions such that the boundary terms vanish at the UV (z = ϵ) and IR (z = L_1) boundaries. On the other hand, if we want to calculate the bulk-to-boundary propagators of the fields with which we can study the correlation functions of the HQET operators, then we need to fix Ψ_{1,R} = Ψ^0_{1,R}, Ψ_{2,L} = Ψ^0_{2,L} at the UV boundary and introduce the following term on the UV boundary,

L_{UV} =

M_5 2 ( R ϵ )_4 [

Ψ̄^0_{1,R}Ψ_{1,L} − Ψ̄^0_{2,L}Ψ_{2,R} + h.c.] , (28)

so that the total action is invariant under the variations of Ψ_{1,L} and Ψ_{2,R} fields. Ψ̄^0_{1,R} and Ψ̄^0_{2,L} play the role of the sources for the operators which create the mesons. They will be discussed in more details later in subsection 3.2 when we compute decay constants for the heavy-light mesons.

To solve the EOM’s, it is convenient to first perform a Fourier transformation ( z R )_{5/2} ψ(p, z) = ∫ d^4x Ψ(x, z)e^{ip·x} , (29) where the additional power of z is introduced for convenience of imposing boundary conditions. In the rest frame p^μ = (p, 0, 0, 0), the equations can be recombined and separated into two sets of first order differential equation in z. Define ψ_a ≡ 1 √ 2 (ψ_{1,L} + ψ_{2,R}) , ψ_b ≡ 1 √ 2 (ψ_{2,L} − ψ_{1,R}) . (30)

They are coupled through their EOM’s: ( ∂_z − −^1_2 + c z ) ψ_b − (p − M)ψ_a = 0 , ( ∂_z − −^1_2 − c z ) ψ_a + (p + M)ψ_b = 0 . (31)

The first order equations can be combined to give the second order differential equation for ψ_a: ( ∂_z − −^1_2 + c z ) ( ∂_z − −^1_2 − c z ) ψ_a + (p^2 − M^2)ψ_a = 0 . (32)

The second order differential equation for ψ_b can be obtained by changing c to −c. The other two combinations of fields, ψ_c ≡^{1√}_2 (ψ_{2,L} + ψ_{1,R}) and ψ_d ≡^{1√}_2 (ψ_{1,L} − ψ_{2,R}), have the same EOM’s by changing ψ_a → ψ_c, ψ_b → ψ_d and c → −c, but are not relevant for our discussion. From Sec. 2 we know that the physical meson fields map to ψ_a, so we will focus on the system of ψ_a and ψ_b only.

The solutions of ψ_a and ψ_b are Bessel functions:

ψ_a(p, z) = c_1 J_ν (kz) + c_2 J_{−ν} (kz) , (33) ψ_b(p, z) = √ p − M p + M [c_1 J_{ν+1}(kz) − c_2 J_{−ν−1}(kz)] , (34) where k ≡ √ p^2 − M^2 and ν ≡ −^1_2 − c. If ν is an integer, the two independent solutions should be taken as J_{|ν|}(kz) and Y_{|ν|}(kz) instead. The power of the z dependence of the Ψ_a(x, z) in the limit of z → 0 determines the scaling dimension of the corresponding heavy-light current operator. For small z, we have z^{52} ψ_a(z) ∼ c_1z^{ν+ 52} + c_2z^{−ν+ 52} ∼ c_1z^{2−c} + c_2z^{c+3} , (35) z^{52} ψ_b(z) ∼ c_1z^{ν+ 72} − c_2z^{−ν+ 32} ∼ c_1z^{3−c} + c_2z^{c+2} . (36) The scaling dimension of the operator corresponding to ψ_a (sourced by ψ^0_b ) is Δ = 2 − c for c ≤ 1/2. For c ≥ −1/2 there is another CFT which can be obtained by a Legendre transformation exchanging the source and the operator [30–32]. The operator would correspond to ψ_b in that case and has the scaling dimension c + 2, but it is not of our concern. The naïve dimension of the heavy-light current is 3, which would correspond to c = −1 and ν =^1_2 . However, this current is not conserved as the corresponding symmetry is badly broken by the heavy quark mass. Therefore, there is no reason to expect Δ to remain 3. (If the heavy quark were a scalar as we have pretended it to be, the naïve dimension of the heavy-light current operator would be 5/2, which corresponds to c = −^1_2 and ν = 0.) The unitarity bound requires the scaling dimension to be above the free particle limit, Δ > 3/2. So, in general one may expect that 3/2 < Δ ≤ 3 which translates to 1/2 > c ≥ −1, or −1 < ν ≤ 1/2.

3.1 Spectrum To obtain the spectrum of the heavy-light mesons or the corresponding 5D fermion Kaluza-Klein (KK) modes, we need to impose appropriate boundary conditions for the 5D wave functions. For the wave function to be normalizable when the UV cutoff ϵ is taken to zero, the wave function Ψ(z) near z = 0 should have a scaling power bigger than z^{3/2} [or equivalently, ψ(z) has a scaling power bigger than z^{−1}]. However, for −1/2 < c < 1/2, this is always satisfied and the normalizability condition does not impose any extra constraint on the solutions. This is related to the fact that in this range of c there are two possible CFT’s discussed earlier. To pick out the CFT of our interest, we impose a stronger condition that ψ_b(z) has a positive power of z dependence near z = 0, which is equivalent to the Dirichlet condition on the UV boundary for ψ_b. The boundary conditions for ψ_a and ψ_b are^3 UV IR ψ_a Mixed Dirichlet ψ_b Dirichlet Mixed

(37)

3If we switch the IR boundary conditions for ψa and ψ_b, there would be a “zero mode” where ψa ∝ z^ν , ψ_b = 0, and p = M. However, this is a special solution for the hard-wall model. If we imagine that the hard wall is an approximation to a soft wall, there is no solution with a soft wall which resembles that zero-mode solution.

where the mixed boundary condition is the generalization of the Neumann condition for the case of a warped extra dimension, which is consistent with the EOM’s and the Dirichlet condition on the other component of the fermion field. The Dirichlet condition of ψ_b on the UV boundary sets c_2 = 0 for −1 ≤ c < 1/2 in the solutions. The KK spectrum is then determined from the IR boundary condition:

J_ν (k_nL_1) = 0 . (38)

The spectrum of the KK-modes can be expressed as

m^2_n = p^2_n = M^2 + k^2_n = M^2 +

(j_{ν,n})^2

L^2_1

, (39)

where j_{ν,n} means the n’th positive zero of the Bessel function J_ν (x). In the heavy quark limit of M > 1/L_1 ∼ Λ_{QCD}, the meson mass is linear in M:

m_n = M + O ( Λ^2_{QCD}/M ) . (40)

Right now there is not much experimental information for higher excited modes of heavy-light mesons. As in the case of light mesons, one may not expect that the spectrum has the correct behavior for very high KK modes in this simple hard-wall model.

3.2 Decay constants The decay constants of meson fields can be obtained from the two-point function of the current operators which create the mesons. The two-point functions have poles corresponding to the meson masses and the decay constant of a meson is related to the residue of the corresponding pole. In AdS/QCD the two-point function can be obtained from the boundary effective action by including a source field on the UV brane and integrating out the AdS bulk using the EOM’s.

Starting from the UV boundary term in Eq. (28) and rewriting it in terms of ψ_a and ψ_b (ignoring ψ_c, ψ_d), we have

L_{UV} = −

M_5 ϵ 2 R ( ψ^0_b ψ_a|_ϵ + h.c. ) . (41)

As ψ_b ∼ z^{ν+1} from Eq. (36), in order to have a finite limit when ϵ is taken to zero, the source for the heavy-light current h(p) is related to the UV boundary value ψ_b(p, ϵ) = ψ^0_b by h(p) = ( R α ) 1_2 ( R ϵ )_{−ν−1} ψ_b(p, ϵ) , (42)

where the additional R^{1/2} factor accounts for that the source h(p) has engineering dimension one and α is expected to be an O(1) number.

To solve for ψ_a(ϵ) for the given boundary condition ψ_b(ϵ) = ψ^0_b , it is convenient to define ζ ≡ ( ψ_a ψ_b ) , O ≡ ( M ∂_z −^{− 12 +c}_z −∂_z +^{− 12 −c}_z −M ) , (43)

then the bulk EOM’s can be written as

O ζ = p ζ . (44)

It is easy to show that the operator O is Hermitian with the weight function z if the boundary terms vanish. The eigenfunctions of O are just the KK wave function solutions discussed in the previous subsection with eigenvalues p_n. If we normalize the wave functions by ∫_{L1} ϵ dz z ζ_mζ_n = ∫_{L1} ϵ dz z (ψ_{a,m}ψ_{a,n} + ψ_{b,m}ψ_{b,n}) = δ_{mn} , (45) then they form an orthonormal basis which can be used to expand any function in the interval between ϵ and L_1. (The eigenfunctions ψ_{a,n} and ψ_{b,n} has dimension one in this normalization.) The solution of ζ(p, z) in the presence of the source term can be written as ζ(p, z) = ∑ n c_n(p) p − p_n ζ_n(z) , (46)

and the coefficient c_n(p) can be computed by

c_n(p) = ∫_{L1} ϵ dz z ζ_n(z)(p − p_n)ζ(p, z) = z (ψ_{a,n}ψ_b − ψ_{b,n}ψ_a) |_{L1} ϵ = −ϵ ψ_{a,n}(ϵ)ψ^0_b (p) , (47)

using the Hermiticity of O.

Substituting ζ(p, z) into the boundary term in Eq. (41), we obtain the boundary effective action:

L_{UV} =

M_5ϵ^2 R ψ^0_b ∑ n ψ_{a,n}(ϵ)ψ_{a,n}(ϵ) p − p_n ψ^0_b . (48)

Matching the source h(p) of Eq. (42), the current-current correlator is given by

Π(p) = αM_5 ( R ϵ )_{2ν} ∑ n p + p_n p^2 − p^2_n

|ψ_{a,n}(ϵ)|^2 , (49)

from which one can easily obtain the decay constant for the nth excited meson state:

p^2_nF^2_n = αM_5 ( R ϵ )_{2ν} 2p_n |ψ_{a,n}(ϵ)|^2 , (50) or F_n = √ 2αM_5 p_n ( R ϵ )_ν |ψ_{a,n}(ϵ)| . (51) The normalization condition Eq. (45) for ϵ → 0 implies that^4

ψ_{a,n}(z) = √ p_n + M p_n J_ν (k_nz) L_1J_{ν+1}(j_{ν,n})

. (52)

Expanding ψ_{a,n} for small z, one obtains

ψ_{a,n}(ϵ) ≈ √ p_n + M p_n 1 L_1J_{ν+1}(j_{ν,n})Γ(ν + 1) ( k_nϵ 2 )_ν . (53)

Substituting it into Eq. (51), the decay constant is

F_n = √ 2αM_5(p_n + M) p^2_n 1 L_1|J_{ν+1}(j_{ν,n})|Γ(ν + 1) ( k_nR 2 )_ν . (54)

For the heavy-light meson, we have p_n ∼ M, k_n ∼ L^{−1}_1 ∼ Λ_{QCD}. The decay constant scales as F_n ∼ 1 √ M √ α M_5 L_1

(k_nR)^ν ∼ √ α M_5 Λ^{ν+1}_{QCD} R^ν √ M . (55)

The scaling F_n ∝ 1/ √ M agrees with the general expectation in the heavy quark limit.

4 Parity Doubling and Chiral Symmetry Breaking

In the chiral symmetric limit of the light flavors, the “left-handed” and “right-handed” heavy-light mesons are degenerate and form a parity doublet. After the chiral symmetry breaking effect is included, the mass eigenstates are the parity eigenstates which are linear combinations of the left-handed and right-handed fields, and the mass splitting between the parity-odd H and parity-even H^′ states is of the order of Λ_{QCD}. To discuss the parity-doublet states, we introduce two sets of 4 × 4 bi-spinors in the Weyl representation

H^{Weyl}_L = ( ψ_{1,L} ψ_{2,L} −ψ_{2,R} −ψ_{1,R} ) , H^{Weyl}_R = ( ϕ_{1,L} ϕ_{2,L} −ϕ_{2,R} −ϕ_{1,R} ) , (56)

4For −1 < ν < −1/2 (3/2 < Δ < 2), the normalization integral is dominated by the UV region and the result will be sensitive to the UV cutoff if it is kept finite. In reality we can not expect ϵ/L1 ≪ 0.1 so the applicability of the holographic model in this range of ν may be questionable.

which are (N_f , 1) and (1, N_f ) under the light flavor chiral symmetry SU(N_f )_L × SU(N_f )_R. Using the relation in Eq. (8) between H_{L,R} and H, H^′ and rotating to the Pauli-Dirac representation, we have

H^{PD} = 1 √ 2 ( H^{PD}_R − H^{PD}_L ) = 1 2 [ −ψ_{1,L} + ψ_{2,R} + ϕ_{1,L} − ϕ_{2,R} −ψ_{2,L} + ψ_{1,R} + ϕ_{2,L} − ϕ_{1,R} ψ_{1,L} + ψ_{2,R} − ϕ_{1,L} − ϕ_{2,R} ψ_{2,L} + ψ_{1,R} − ϕ_{2,L} − ϕ_{1,R} ] , (57) and H^{′PD} = 1 √ 2 ( H^{PD}_R + H^{PD}_L ) = 1 2 [ ψ_{1,L} − ψ_{2,R} + ϕ_{1,L} − ϕ_{2,R} ψ_{2,L} − ψ_{1,R} + ϕ_{2,L} − ϕ_{1,R} −ψ_{1,L} − ψ_{2,R} − ϕ_{1,L} − ϕ_{2,R} −ψ_{2,L} − ψ_{1,R} − ϕ_{2,L} − ϕ_{1,R} ] . (58)

Similar to the simplest case in Eq. (18), the dictionary for relating H and H^′ to the physical spin-0 and spin-1 states is H = i 4 √ M Tr(−ψ_{1,L} − ψ_{2,R} + ϕ_{1,L} + ϕ_{2,R}) , H^j = 1 4 √ M Tr [ σ^j (−ψ_{1,L} − ψ_{2,R} + ϕ_{1,L} + ϕ_{2,R}) ] , H^′ = i 4 √ M Tr(ψ_{1,L} + ψ_{2,R} + ϕ_{1,L} + ϕ_{2,R}) , H^{′j} = 1 4 √ M Tr [ σ^j (ψ_{1,L} + ψ_{2,R} + ϕ_{1,L} + ϕ_{2,R}) ] .(59)

The parity symmetry on the ψ and ϕ fields is defined as P : ⃗x → −⃗x , σ^μ ↔ σ̄^μ , ψ_{1,L} ↔ ϕ_{2,R} , ψ_{2,R} ↔ ϕ_{1,L} , ψ_{2,L} ↔ −ϕ_{1,R} , ψ_{1,R} ↔ −ϕ_{2,L} . (60) One can check that this is consistent with the parity of the meson fields.

Now we attempt to incorporate the parity doublet in the holographic model. The quadratic action for the H_R sector is similar to Eqs. (20) and (23):

S_{5D} ⊃ M_5 ∫ d^5x ( R z )_4 [

iΦ̄_{1,L}σ̄^μ∂_μΦ_{1,L} + iΦ̄_{1,R}σ^μ∂_μΦ_{1,R} − 1 2 (Φ̄_{1,R} ←→ ∂_z Φ_{1,L} − Φ̄_{1,L} ←→ ∂_z Φ_{1,R})

+iΦ̄_{2,L}σ̄^μ∂_μΦ_{2,L} + iΦ̄_{2,R}σ^μ∂_μΦ_{2,R} − 1 2 (Φ̄_{2,R} ←→ ∂_z Φ_{2,L} − Φ̄_{2,L} ←→ ∂_z Φ_{2,R}) − c z (¯ Φ_{1,R}Φ_{1,L} + Φ̄_{1,L}Φ_{1,R} ) + c z (¯ Φ_{2,R}Φ_{2,L} + Φ̄_{2,L}Φ_{2,R} ) − M (¯ Φ_{1,L}Φ_{2,R} + Φ̄_{2,L}Φ_{1,R} + h.c. )] .(61)

The parameters M and c for the Φ fermions take the same values as the action in Eqs. (20) and (23) to preserve the parity symmetry of the total action:

P : ⃗x → −⃗x , σ^μ ↔ σ̄^μ , Ψ_{1,L} ↔ Φ_{2,R} , Ψ_{2,R} ↔ Φ_{1,L} , Ψ_{2,L} ↔ −Φ_{1,R} , Ψ_{1,R} ↔ −Φ_{2,L} . (62)

The chiral symmetry breaking in AdS/QCD is parametrized by the VEV of a bi-fundamental scalar field, Σ (N_f , N̄_f ), under SU(N_f )_L × SU(N_f )_R, ⟨Σ(z)⟩ = M_q R z + ξ RL^3_1 z^3 , (63) where we followed the notation in Ref. [2] and assumed the naïve scaling dimension for the corresponding qq̄ operator. M_q can be matched to the bare quark mass in the chiral Lagrangian but will be neglected in the rest of this paper. Under the parity transformation, we have Σ → Σ^†. The chiral symmetry breaking in the holographic model of heavy-light mesons can be induced by the coupling of Ψ and Φ fields to Σ:

S_{int.} ⊃ M_5 ∫ d^5x ( R z )_5 [ −λ (¯ Ψ_1ΣΦ_2 + Ψ̄_2ΣΦ_1 + h.c. )]

= M_5 ∫ d^5x ( R z )_5 [ −λ (¯ Ψ_{1,L}ΣΦ_{2,R} + Ψ̄_{1,R}ΣΦ_{2,L} + Ψ̄_{2,L}ΣΦ_{1,R} + Ψ̄_{2,R}ΣΦ_{1,L} + h.c. )] ,(64)

where λ can be chosen real by a phase rotation to be consistent with the parity symmetry. The action is invariant under the SU(N_f )_L × SU(N_f )_R flavor symmetry and also the parity transformation of Eq. (62). Substituting in the VEV of the Σ field and defining σ(z) = λ ξ z^2/L^3_1, we obtain

S_{int.} ⊃ −M_5 ∫ d^5x ( R z )_4 σ(z) (¯ Ψ_{1,L}Φ_{2,R} + Ψ̄_{1,R}Φ_{2,L} + Ψ̄_{2,L}Φ_{1,R} + Ψ̄_{2,R}Φ_{1,L} + h.c. )

= M_5 ∫ d^5x ( R z )_4 σ(z) Tr ( H^{PD}_L H^{PD}_R + h.c. ) . (65)

The σ(z) serves as an off-diagonal mass term which split the parity-even and parity-odd states.

The EOM’s can be similarly obtained by performing the Fourier transformations on both Ψ and Φ fields, ( z R )_{5/2} ψ_{1,2}(p, z) = ∫ d^4x Ψ_{1,2}(x, z)e^{ip·x} , (66) ( z R )_{5/2} ϕ_{1,2}(p, z) = ∫ d^4x Φ_{1,2}(x, z)e^{ip·x} . (67)

As in Sec. 3, we first define

ψ_a = 1 √ 2 (ψ_{1,L} + ψ_{2,R}) , ψ_b = 1 √ 2 (ψ_{2,L} − ψ_{1,R}) , ϕ_a = 1 √ 2 (ϕ_{1,L} + ϕ_{2,R}) , ϕ_b = 1 √ 2 (ϕ_{2,L} − ϕ_{1,R}) , (68)

then the parity-odd and parity-even states can be identified as

P-odd : u_a = 1 √ 2 (ψ_a − ϕ_a) , u_b = 1 √ 2 (ψ_b − ϕ_b) , (69)

P-even : u^′_a = 1 √ 2 (ψ_a + ϕ_a) , u^′_b = 1 √ 2 (ψ_b + ϕ_b) . (70)

The EOM’s for P-odd and P-even states are given by ( ∂_z − −^1_2 + c z ) u_b − [p − M + σ(z)] u_a = 0 , ( ∂_z − −^1_2 − c z ) u_a + [p + M − σ(z)] u_b = 0 ,(71) ( ∂_z − −^1_2 + c z ) u^′_b − [p − M − σ(z)] u^′_a = 0 , ( ∂_z − −^1_2 − c z ) u^′_a + [p + M + σ(z)] u^′_b = 0 .(72)

The spectrum and decay constants can be solved by imposing appropriate boundary conditions in the same ways as in Sec. 3. However, if λ is a constant, σ(z) grows as z^2 in the IR. It renders an attractive potential in the Schrödinger-like equation for the parity-odd states and a repulsive potential for the parity-even states in the IR. As a result, the wave functions for the low-lying parityodd states grow exponentially in the IR region while the parity-even states are repelled away from the IR. After normalizing the wave functions, the wave functions of the parity-odd states become highly suppressed on the UV boundary, which implies that the decay constants of the parity-odd states are also highly suppressed (relative to those of parity-even states). This is in conflict with results from lattice simulations and other calculations. We find that a constant σ(z) provides a better description of the experimental and lattice data. This would require that the coupling λ scales as 1/z^2. Such a z-dependence corresponds to an explicit conformal breaking dimension-six operator. That is, one can imaging that λ itself arises from a VEV of a scalar field which corresponds to the dimension-six current-current interaction term. It is reminiscent of Ref. [24] which approximates the QCD by a Nambu-Jona-Lasinio model [33, 34] with a local current-current interaction replacing the effects of gluon exchanges. Usually these high-dimensional operators only modify physics in the UV and their effects on the bulk solutions diminish as negative powers of z. However, here the 1/z^2 dependence is multiplied by the growing Σ VEV, so it’s modification on the bulk EOM’s is constant instead of vanishing towards the IR. We do not have a good justification why the constant λ term, which is allowed by symmetry, is absent or suppressed relative to the 1/z^2 term which would come from a higher dimensional operator in the 5D theory. We will simply assume that λ ∝ 1/z^2 guided by the experimental or lattice data in our following analysis.

4.1 Mass Spectrum and Decay Constants for a Constant σ(z) We assume that the coupling λ takes the following form: λ = λ̄ R^2 z^2

, (73) where λ̄ is a constant. The chiral symmetry breaking mass σ(z) becomes a constant: σ(z) = λ̄ξR2 L^3_1

≡ σ . (74)

By examining the Eqs. (71) and (72) one can see that one only needs to replace M in the results of Sec. 3 by M −σ (M +σ) for the parity-odd (-even) states. The solutions are the same Bessel functions and the mass spectra for the parity-odd and even states are given in terms of roots of Bessel functions,

m^−_n = p^{odd}_n = √ (M − σ)^2 + k^2_n = √ (M − σ)^2 +

(j_{ν,n})^2 L^2_1

, (75)

m^+_n = p^{even}_n = √ (M + σ)^2 + k^2_n = √ (M + σ)^2 +

(j_{ν,n})^2 L^2_1

. (76)

For σ ∼ 1/L_1 ≪ M, the inter-multiplet mass splitting is

ΔM = m^{even}_n − m^{odd}_n ≈ σ ≈ Λ_{QCD} , (77)

which is the same as in Ref. [23].

The decay constants are similarly obtained by replacing M by M ∓ σ from Eq. (54),

F^∓_n = √ 2αM_5(p_n + M ∓ σ) p^2_n 1 L_1|J_{ν+1}(j_{ν,n})|Γ(ν + 1) ( k_nR 2 )_ν , (78)

where −(+) denotes parity-odd (-even) states.

To compare with the experimental and lattice data, we use L^{−1}_1 = m_ρ/j_{0,1} = 322 MeV from fitting the ρ mass and M_5R = N_c/(12π^2) from matching to perturbative QCD [2], which provide a good fit to the light meson data. Because the hyperfine splitting between the spin-0 and spin-1 states is O(1/M) effect which is not included in our model, for the D mesons we take the weighted average of the measured masses of the spin-0 and spin-1 mesons, (3m^{J=1} + m^{J=0})/4, as the experimental value to remove the hyperfine effect. For the B mesons, only the 1^+ state is identified experimentally for the lowest parity-even states, so we only fit spin-1 meson masses. The hyperfine splittings in B mesons are smaller anyway. For the decay constants, it is known that the ratio between the D and B mesons, F_D/F_B , does not agree well with the √ M_B /M_D scaling relation. The reason could be attributed to that the charm quark is not heavy enough (compared to Λ_{QCD}) to be in the heavy quark limit. Given that, we list two different fits for the decay constants of the D mesons: one with the same combination of α and R values derived from the B meson decay constants and the other with parameters fit directly to the D meson data. As a comparison to the experimental and lattice data, we show the numerical results of the spectra and decay constants of the B and D mesons in Tables 1 and 2 for ν = 0 and ν = −1/2 as specific examples.

In the hard-wall holographic model, the mass splittings among KK modes of the same parity scale as Λ^2_{QCD}/M. Experimentally, not many excited heavy-light mesons have been identified with

Exp. or lattice values Fit to B Fit to D State J^P Mass F Mass F Mass F

B^∗ 1^− 5325 186(4) [5325] [186] − − B_1 1^+ 5724(2) ? [5724] 179 − − ? 1^− ? ? 5560 275 − − ? 1^+ ? ? 5943 266 − −

D^0, D^∗ 0^−, 1^− 1971 209(5) [1971] 300 [1971] [209] D^∗_0, D^0_1 0^+, 1^+ 2400(34) 200(50) 2347 277 [2400] 191 D(2550)^0 0^− 2539(8) ? 2539 381 2539 265 ? 0^+ ? ? 2840 368 2884 254

Table 1: The numerical values of the masses and decay constants of the lowest and first excited states of the 0^−(1^−) and 0^+(1^+) mesons from AdS-HQET for ν = 0 (Δ = 5/2). All numbers are in MeV. The experimental mass values are taken from the Particle Data Group [35]. For D mesons we use the weighted average of the spin-zero and spin-one meson masses. There are two mass-close 1^+ states, D_1(2420)^0 and D_1(2430)^0. We choose D_1(2430)^0 because it has the similar width to that of D^∗_0. The numbers inside square brackets are input values to fit for the model parameters. Because B mesons are expected to be better described by HQET, we fit B meson data first to determine the model parameters. The resulting model parameters are M = 5470 MeV for B mesons, M = 2014 MeV for D mesons, and σ = 201 MeV. The decay constants from lattice calculations are used to fix other input parameter values. We choose the latest results from the HPQCD Collaboration (F_B ) [36], the MILC Collaboration (F_D) [37], and the UKQCD Collaboration (F_{D0+} ) [38]. The fit value for α/R from F_B is 4738 MeV. We also perform a fit to the D meson data only, which is listed in the last two columns. The corresponding model parameters are M = 2042 MeV, σ = 230 MeV and α/R = 2301 MeV.

clear quantum numbers. In the particle listing of Particle Data Group [35], there is a D(2550)^0 with J^P = 0^− which may be identified as the excited state of D^0. We see from Table 1 that ν = 0 gives a good fit to its mass while ν = −1/2 prediction is low. For the decay constants, there are many good determinations of those of the lowest odd parity states. In addition to the latest lattice results listed in the Tables, the CLEO experiment has measured the branching fraction of D^+ → μ^+ν which translates to a value f_D = 206.7 ± 8.5 ± 2.5 MeV [39]. QCD sum rules also provide similar values [40, 41]. The phenomenological calculations of the decay constants of the lowest parity-even states, on the other hand, are scattered in a wide range [40,42–47]. These calculations are also divided into determinations at the finite charm mass and in the heavy quark limit, because the charm quark is not very heavy

Exp. or lattice values Fit to B Fit to D State J^P Mass F Mass F Mass F

B^∗ 1^− 5325 186(4) [5325] [186] − − B_1 1^+ 5724(2) ? [5724] 179 − − ? 1^− ? ? 5514 181 − − ? 1^+ ? ? 5900 175 − −

D^0, D^∗ 0^−, 1^− 1971 209(5) [1971] 303 [1971] [209] D^∗_0, D^0_1 0^+, 1^+ 2400(34) 200(50) 2361 278 [2400] 190 D(2550)^0 0^− 2539(8) ? 2435 260 2435 179 ? 0^+ ? ? 2760 248 2794 170

Table 2: Same as Table 1 but for ν = −1/2 (Δ = 2). The fit model parameters are M = 5501 MeV for B mesons, M = 2105 MeV for D mesons, and σ = 200 MeV. The fit value for √ α/R from F_B is 2379 MeV. For the fit to D mesons only, the corresponding model parameters are M = 2126 MeV, σ = 221 MeV and √ α/R = 1638 MeV.

compared to Λ_{QCD}. A summary of calculated results from different approaches can be found in Ref. [47]. For the decay constant in the heavy quark limit, the more recent determination from an unquenched lattice QCD calculation of the UKQCD Collaboration [38] has f^{static}_P = 294(88) MeV. It may be compared with our f_D’s obtained from fitting the B meson data which is closer to that limit. Less is known about the decay constants of the excited heavy-light meson states. There is a lattice calculation of the decay constants of B_s and its first radially excited state B^′_s using the quenched approximation [48]. The result is f^{stat}_B′_s √m_B′_s f^{stat}_{Bs} √ m_{Bs} = 1.24(7) , (79)

which is not far from our results for B_1 and B^∗.

In Fig. 1, we display ratios of heavy-light meson decay constants obtained in the holographic model as a function of ν. Only the ratios between the KK excited states and the ground states have a significant dependence on ν. More data on the excited states may help to pin down the preferred range of ν. Currently ν ≈ 0 seems to provide a reasonable fit.

Figure 1: Ratios of decay constants as a function of ν = Δ − 5/2. For each ν, we choose the model parameters to fit m_B∗ , m_{B1} , m_D0_{,D}∗ and f_B∗ .

4.2 Couplings between Heavy-light Mesons and Pions In HQET, the coupling between the heavy-light mesons of opposite parities and the pion is related to the mass splitting between the the parity-even and parity-odd mesons and the pion decay constant by the Goldberger-Treiman relation [23]:

ΔM = g_πF_π , (80)

at the leading order, where F_π = 92.2 MeV is the pion decay constant. The coupling can receive corrections and in Ref. [23] the corrections are parametrized by a phenomenological parameter G_A which is expected to be O(1). The partial widths of the decay 0^+(1^+) → 0^−(1^−) + π can then be calculated in terms of G_A.

In the holographic model, the coupling can be calculated from the overlap integral of the wave functions of the fermions and the pion along the z direction, which in the dual picture includes the leading N_c corrections. In AdS/QCD, the pion field is contained in both the scalar field Σ and the fifth component of the axial vector field A_5. In terms of the Goldstone bosons, the scalar field can be expressed as Σ = ⟨Σ⟩ e^{i P/⟨Σ⟩} ≡ v(z) e^{i P/v(z)} , (81) where P = P_AT_A contains the associated broken generators T_A. [In our normalization, the generators are normalized to Tr(T_AT_B) = δ_{AB} /2.] The vector and axial-vector gauge fields of the light flavor symmetry are related to the left-handed and right-handed gauge fields by

V_M = 1 √ 2 (R_M + L_M ) ,

A_M = 1 √ 2 (R_M − L_M ) . (82)

In the unitary gauge, the uneaten Nambu-Goldstone bosons are [2] P = − z^3 √ 2 R^2 v(z)

∂_5 ( A_5 z ) = − L^3_1 √ 2 R ξ ∂_5 ( A_5 z ) . (83)

The interactions of the Nambu-Goldstone bosons and the bulk fermion fields can come from the Yukawa interaction terms in Eq. (64) and the gauge interactions from promoting the derivatives in the kinetic terms in Eqs. (20) and (61) to covariant derivatives. Expanding the Yukawa interaction

S_{int.} = M_5 ∫ d^5x ( R z )_5 [ −λ (¯ Ψ_{1,L}ΣΦ_{2,R} + Ψ̄_{1,R}ΣΦ_{2,L} + Ψ̄_{2,L}ΣΦ_{1,R} + Ψ̄_{2,R}ΣΦ_{1,L} + h.c. )] .(84)

to linear order in P , we obtain the couplings

S_{Yuk.} = M_5 ∫ d^5x ( R z )_5 (−i λ) [ U_a P U^′_a − U_b P U^′_b ] + h.c. , (85) where U_{a,b} (U^′_{a,b}) are the five-dimensional field associated with the parity-odd (-even) states, i.e., U_a(x, z) = 1 √ 2 [Ψ_a(x, z) − Φ_a(x, z)] = 1 2 [Ψ_{1,L}(x, z) + Ψ_{2,R}(x, z) − Φ_{1,L}(x, z) − Φ_{2,R}(x, z)] , (86)

and so on.

From the gauge interactions and keeping only the L_5 or R_5 parts, we have

S_{gauge} = M_5 ∫ d^5x ( R z )_4 (−i) ( Ψ_{1,R} L_5 Ψ_{1,L} − Ψ_{1,L} L_5 Ψ_{1,R} + Ψ_{2,R} L_5 Ψ_{2,L} − Ψ_{2,L} L_5 Ψ_{2,R}

+ Φ_{1,L} R_5 Φ_{1,R} − Φ_{1,R} R_5 Φ_{1,L} + Φ_{2,L} R_5 Φ_{2,R} − Φ_{2,R} R_5 Φ_{2,L} ) ⊃ M_5 ∫ d^5x ( R z )_4 i 1 √ 2 [ U_b A_5 U^′_a − U_a A_5 U^′_b ] + h.c. . (87) As we discussed previously the heavy-light mesons correspond to the U_a and U^′_a fields, while U_b and U^′_b can at most contribute through mixings which are suppressed by 1/M, the dominant contribution comes from the first term in Eq. (85). We can separate the 5D fields into products of the 4D fields and the corresponding wave functions in the fifth dimension, U_a(x, z) = H_n(x) ( z R )_{5/2} f_{a,n}(z) , (88) A_5(x, z) = π(x) f^π_0 (z) = π_A(x) T_A f^π_0 (z) , (89) where f_{a,n}(z) ∝ u_a(p_n, z) , and from Ref. [2]

f^π_0 (z) ∝ z^3 L^3_1 [ I_{2/3} (√ 2ξ 3 z^3 L^3_1 ) − I_{2/3}( √ 2ξ/3) K_{2/3}( √ 2ξ/3) K_{2/3} (√ 2ξ 3 z^3 L^3_1 )] . (90)

The normalizations are chosen such that the 4D fields are canonically normalized,

M_5 ∫_{L1} ϵ dz ( z R ) f^2_{a,n} = 1 , and −

M_5 z^2 2 R v(z)^2 f^π_0 ∂_z ( 1 z f^π_0 )| | |_ϵ = 1 . (91)

If we take the 5D coupling to be proportional to 1/z^2 as discussed earlier in this section, λ = σL^3_1 ξz^2 , (92)

then the wave function of the lowest parity-odd and -even states are the same:

f_{a,1}(z) = f^′_{a,1}(z) = √ 2 √ M_5R R L_1

J_ν (j_{ν,1}z/L_1) J_{ν+1}(j_{ν,1})

. (93)

The coupling of the interaction between the parity-even and parity-odd heavy-light mesons and the pion, [ −ig_πTr(HπH^′) + h.c. ] , is given by^5

g_π = M_5 ∫_{L1} ϵ dz (−λ)f^2_{a,1} [ − L^3_1 √ 2 R ξ ∂_z ( 1 z f^π_0 )]

= σL_1 √ M_5R

× an O(1) numerical factor . (94)

The couplings for different choices of ν are shown in Fig. 2. In comparison, the lowest order Goldberger- Treiman relation g_π = ΔM/F_π would give g_π = 4.33 (4.65) if one uses the B (D) meson spectrum given in Table 1. We see that in the AdS-HQET model the coupling is smaller than that given by the Goldberger-Treiman relation, which implies that the leading N_c corrections reduce the coupling. The coupling was also calculated using QCD sum rules [45, 49–51]. In Ref. [45] the coupling of B^′_0Bπ was calculated to be 2.8 ± 0.5 by including the Bπ continuum contribution. It is close to our value g_π = 2.77 at ν = 0.

With the coupling we can calculate the decay rate of the inter-multiplet transition (0^+, 1^+) → (0^−, 1^−) + π. To do that let us consider the simplest 0^+0^−π^0 tri-scalar coupling. From Eq. (59) the (dimension-1) spin-0 meson field is embedded in bi-spinor H field as

H^{PD} ⊃ ( − − i √ M H I_2 − ) . (95)

5The factor 1/4 in Eq.(12) of Ref. [23] is due to the √ 2 different normalization of the heavy-light bi-spinor field and a factor of 2 in the definition of Σ.

Figure 2: The dependence of the coupling g_π on ν = Δ − 5/2, where we take L^{−1}_1 = 322 MeV, σ = 230 MeV, √ M_5R = 1/(2π). For ν < −1/2, the integral Eq. (94) is dominated by the UV region so the result will be sensitive to the UV cutoff ϵ if it is kept finite.

The neutral Goldstone boson π^0 is accompanied by the generator σ_3/2. One can see that the coupling among 0^+0^−π^0 is ig_πM after performing the trace. The total decay width of the D^∗_0 to D π is 3 times the decay width to D^0 π^0:

Γ(D^∗_0) = 3 × 1 8π |M|^2 |⃗p_π| M^2_D∗_0 = 3g^2_π 8π M^2 M^2_D∗_0 |⃗p_π| , (96) where |⃗p_π| = [(M^2_D∗ − (M_D + m_π)^2)(M^2_D∗ − (M_D − m_π)^2)]^{1/2} 2M_D∗ . (97)

Using M_D∗_0 = 2318 MeV, M_D = 1865 MeV, m_π = 135 MeV, we obtain |⃗p_π| = 390 MeV. Taking M ≈ (M_D∗_0 + M_D)/2, we have

Γ(D^∗_0) = 37.9 g^2_π MeV = 291 ( g_π 2.77

)_2

MeV , (98)

which agrees well with the experimental value 267 ± 40 MeV from the Particle Data Group [35], assuming that the total width is dominated by the single pion decay.

The intra-multiplet coupling between the 0^−, 1^−, and the pion can be written down by combining HQET with the chiral perturbation theory [52–54]. In our model, it could arise from the magnetic dipole moment operator in 5D:

S_{dipole} = M_5R ∫ d^5x ( R z )_3 λ_D [ Ψ_1i Γ^M Γ^N L_{MN} Ψ_1 + Ψ_2i Γ^M Γ^N L_{MN} Ψ_2

−Φ_1i Γ^M Γ^N R_{MN} Φ_1 − Φ_2i Γ^M Γ^N R_{MN} Φ_2 ] , (99)

where Γ_M = (γ_μ, iγ_5). The relative minus sign between Ψ and Φ sectors is dictated by the parity invariance. Focusing on M, N = μ, 5 terms, we have

S_{dipole} ⊃ 2M_5R ∫ d^5x ( R z )_3 λ_D [ − Ψ_{1,L}σ̄^μL_{μ5}Ψ_{1,L} + Ψ_{1,R}σ^μL_{μ5}Ψ_{1,R}

−Ψ_{2,L}σ̄^μL_{μ5}Ψ_{2,L} + Ψ_{2,R}σ^μL_{μ5}Ψ_{2,R}

+Φ_{1,L}σ̄^μR_{μ5}Φ_{1,L} − Φ_{1,R}σ^μR_{μ5}Φ_{1,R}

+Φ_{2,L}σ̄^μR_{μ5}Φ_{2,L} − Φ_{2,R}σ^μR_{μ5}Φ_{2,R} ]

= 2M_5R ∫ d^5x ( R z )_3 λ_D Tr [ − H_Lγ_5γ^μL_{μ5}H_L + H_Rγ_5γ^μR_{μ5}H_R ]

= √ 2M_5R ∫ d^5x ( R z )_3

λ_D Tr [ H^′γ_5γ^μV_{μ5}H + Hγ_5γ^μV_{μ5}H^′

+H^′γ_5γ^μA_{μ5}H^′ + Hγ_5γ^μA_{μ5}H ] , (100)

where in the last step we have used Eqs. (57), (58), and (82). The last term in Eq. (100) gives rise to D^∗ → D π decay. In terms of 4D fields, the interaction can be written as

L_{int} = − g_A F_π Tr [ H(x)γ_5γ^μ∂_μπ(x)H(x) ] , (101)

with

g_A = − √ 2 M_5R F_π ∫ dz ( z R )_2

λ_D [f_{a,1}(z)]^2 f^π_0 (z) . (102)

It can be directly compared to the interaction written down in Ref. [52–54]. The coupling g_A depends on the free parameter λ_D which needs to be fit from the data. For ν = 0 and constant λ_D, g_A = 0.67λ_D. The measurements of D^∗ → Dπ decay width at CLEO and BaBar experiments correspond to g_A = 0.59 ± 0.01 ± 0.07 [55] and 0.570 ± 0.004 ± 0.005 [56], respectively.

5 Discussion and Conclusions

In this paper we discuss how to incorporate heavy-light mesons into AdS/QCD. The crucial observation is that in the heavy quark limit the heavy quark plays the role of a static color source and the dynamics is governed by the light quark. This prompts us to map the heavy-light mesons into fermions in the AdS bulk. The heavy quark spin symmetry can be incorporated as a global flavor symmetry in the bulk. We show that such a construction can give a reasonable description of the parity-doublets of the spin-0 and spin-1 heavy-light mesons. One may generalize it to heavy quark spin multiplets of meson states with higher angular momenta, or even baryons which contain both heavy and light quarks. Of course this bottom-up AdS/QCD approach has its limited power because the real QCD is neither conformal nor close to the large N_c limit. In our calculation, we have only considered the leading contributions in the heavy quark limit. The effects suppressed by inverse powers of the heavy quark mass are not included, such as the hyperfine splitting between the spin-0 and spin-1 mesons due to the interaction between the spins of the heavy quark and the light quark. Because we treat the heavy quark spin symmetry as a flavor symmetry in the bulk, such a mixing between the light quark spin and the bulk flavor symmetry violates the Lorentz symmetry in the AdS theory. It may be viewed as if the heavy quark provides an external chromomagnetic field due to its spin to the light quark in addition to the static color source. It would require additional parameters to fit these effects suppressed by the heavy quark masses.

We have only considered the strong interaction in this work. There are few predictions which may be checked against the limited amount of experimental and lattice data in this respect. Most of the spectrum and decay constant data serve to fix the model parameters. The real tests of the model can come when we consider weak interaction processes involving heavy-light mesons. As a first test, one can try to calculate the Isgur-Wise function [57,58] for the B → D transitions. In this case one needs to keep a finite velocity of the heavy quark and evaluate the overlap of the wave functions of the light quark in the initial and final states. We plan to study this in a future publication.

At low energies the weak interaction is described by dimension-six current interactions and we need to evaluate matrix elements of relevant current operators. In the holographic model the weak currents can be generated by the corresponding sources on the UV boundary without additional parameters. In this way one could obtain “predictions” of various matrix elements in this model, which may provide some insights of the long-distance effects in the real QCD. For example, the LHCb experiment (and also the CDF experiment) earlier found large CP asymmetry ΔA_{CP} ≡ A_{CP} (D^0 → K^+K^−) − A_{CP} (D^0 → π^+π^−) in D meson decays [59, 60], much larger than many Standard Model estimations [61–67]. Although the significance in the new LHCb data has greatly reduced [68], a large ΔA_{CP} is still possibly compatible with the data. It has been argued that a large ΔA_{CP} may be accommodated if there is an enhancement of certain penguin matrix elements due to the long-distance effects in the Standard Model [64, 69–75], analogous to the case of the “ΔI = 1/2 rule” in K → ππ decay. For the K → ππ decay, an AdS/QCD calculation indeed showed the enhancement of the matrix elements required to explain the ΔI = 1/2 rule [76, 77]. With the AdS/QCD extended to heavy-light mesons one can carry out an analogous calculation which may shed lights on whether one can expect a large enhancement of the particular matrix elements due to long-distance effects. It will be left for future investigations.

Acknowledgment

We would like to thank Hai-Yang Cheng, Tony Gherghetta, Hsiang-nan Li, Markus Luty, Ami Katz, Raman Sundrum and John Terning for useful discussion. H.-C. Cheng would like to thank Fermilab Theory Group, Academia Sinica, and National Center for Theoretical Sciences (North) Physics Division in Taiwan for hospitality. We also would like to thank Aspen Center for Physics and Kvali Institute for Theoretical Physics, U. C. Santa Barbara, where part of this work was done. Y. Bai is supported by startup funds from the UW-Madison. H.-C. Cheng is supported in part by U.S. DOE grant No. DE-FG02-91ER40674. This research was also supported in part by the National Science Foundation under Grant No. NSF PHY11-25915 and Grant No. PHYS-1066293.

A Weyl and Pauli-Dirac representations

We adopt the metric convention as g_{μν} = g^{μν} = diag{1, −1, −1, −1}. In the Weyl representation, the gamma matrices are

γ^μ = ( 0 σ^μ σ̄^μ 0 ) , γ^5 = ( −I_2 0 0 I_2 ) , (103)

with σ^μ = (1, ⃗σ) and σ̄^μ = (1, −⃗σ). In the Pauli-Dirac representation, the gamma matrices are

γ^0 = ( I_2 0 0 −I_2 ) , γ^i = ( 0 σ^i −σ^i 0 ) , γ^5 = ( 0 I_2 I_2 0 ) . (104)

The transformation between Weyl and Pauli-Dirac representation is given by ( ψ_A ψ_B ) Weyl = S ( ψ_A ψ_B ) PD , where S = 1 √ 2 ( I_2 −I_2 I_2 I_2 ) . (105)

For a bi-spinor representation, one can have independent representation for each spinor index. We keep the heavy spinor index in the Pauli-Dirac representation and only transform the light spinor index of a bi-spinor between the two representations, i.e.,

H^{Weyl} = S H^{PD} , H^{PD} = S^{−1} H^{Weyl} . (106)

References

[1] J. Erlich, E. Katz, D. T. Son, and M. A. Stephanov, QCD and a holographic model of hadrons, Phys.Rev.Lett. 95 (2005) 261602, [hep-ph/0501128].

[2] L. Da Rold and A. Pomarol, Chiral symmetry breaking from five dimensional spaces, Nucl.Phys.

B721 (2005) 79–97, [hep-ph/0501218].

[3] J. Hirn and V. Sanz, Interpolating between low and high energy QCD via a 5-D Yang-Mills model, JHEP 0512 (2005) 030, [hep-ph/0507049].

[4] J. M. Maldacena, The Large N limit of superconformal field theories and supergravity, Adv.Theor.Math.Phys. 2 (1998) 231–252, [hep-th/9711200].

[5] S. Gubser, I. R. Klebanov, and A. M. Polyakov, Gauge theory correlators from noncritical string theory, Phys.Lett. B428 (1998) 105–114, [hep-th/9802109].

[6] E. Witten, Anti-de Sitter space and holography, Adv.Theor.Math.Phys. 2 (1998) 253–291, [hep-th/9802150].

[7] J. Sakurai, Theory of strong interactions, Annals Phys. 11 (1960) 1–48. [8] M. Bando, T. Kugo, S. Uehara, K. Yamawaki, and T. Yanagida, Is rho Meson a Dynamical Gauge Boson of Hidden Local Symmetry?, Phys.Rev.Lett. 54 (1985) 1215.

[9] A. Karch, E. Katz, D. T. Son, and M. A. Stephanov, Linear confinement and AdS/QCD, Phys.Rev. D74 (2006) 015005, [hep-ph/0602229].

[10] L. Cappiello, O. Cata, and G. D’Ambrosio, Antisymmetric tensors in holographic approaches to QCD, Phys.Rev. D82 (2010) 095008, [arXiv:1004.2497].

[11] S. Domokos, J. Harvey, and A. Royston, Completing the framework of AdS/QCD: h_1/b_1 mesons and excited omega/rho’s, JHEP 1105 (2011) 107, [arXiv:1101.3315].

[12] R. Alvares, C. Hoyos, and A. Karch, An improved model of vector mesons in holographic QCD, Phys.Rev. D84 (2011) 095020, [arXiv:1108.1191].

[13] S. K. Domokos, J. A. Harvey, and A. B. Royston, Successes and Failures of a More Comprehensive Hard Wall AdS/QCD, JHEP 1304 (2013) 104, [arXiv:1210.6351].

[14] C. Csaki, M. Reece, and J. Terning, The AdS/QCD Correspondence: Still Undelivered, JHEP 0905 (2009) 067, [arXiv:0811.3001].

[15] J. Erdmenger, K. Ghoroku, and I. Kirsch, Holographic heavy-light mesons from non-Abelian DBI, JHEP 0709 (2007) 111, [arXiv:0706.3978].

[16] J. Erdmenger, N. Evans, I. Kirsch, and E. Threlfall, Mesons in Gauge/Gravity Duals - A Review, Eur.Phys.J. A35 (2008) 81–133, [arXiv:0711.4467].

[17] C. D. White, The Cornell potential from general geometries in AdS / QCD, Phys.Lett. B652 (2007) 79–85, [hep-ph/0701157].

[18] Y. Kim, J.-P. Lee, and S. H. Lee, Heavy quarkonium in a holographic QCD model, Phys.Rev.

D75 (2007) 114008, [hep-ph/0703172].

[19] J. Erdmenger, N. Evans, and J. Grosse, Heavy-light mesons from the AdS/CFT correspondence, JHEP 0701 (2007) 098, [hep-th/0605241].

[20] C. P. Herzog, S. A. Stricker, and A. Vuorinen, Remarks on Heavy-Light Mesons from AdS/CFT, JHEP 0805 (2008) 070, [arXiv:0802.2956].

[21] T. Branz, T. Gutsche, V. E. Lyubovitskij, I. Schmidt, and A. Vega, Light and heavy mesons in a soft-wall holographic approach, Phys.Rev. D82 (2010) 074022, [arXiv:1008.0268].

[22] A. V. Manohar and M. B. Wise, Heavy quark physics,

Camb.Monogr.Part.Phys.Nucl.Phys.Cosmol. 10 (2000) 1–191.

[23] W. A. Bardeen, E. J. Eichten, and C. T. Hill, Chiral multiplets of heavy - light mesons, Phys.Rev. D68 (2003) 054024, [hep-ph/0305049].

[24] W. A. Bardeen and C. T. Hill, Chiral dynamics and heavy quark symmetry in a solvable toy field theoretic model, Phys.Rev. D49 (1994) 409–425, [hep-ph/9304265].

[25] M. A. Nowak, M. Rho, and I. Zahed, Chiral effective action with heavy quark symmetry, Phys.Rev. D48 (1993) 4370–4374, [hep-ph/9209272].

[26] M. A. Nowak, M. Rho, and I. Zahed, Chiral doubling of heavy light hadrons: BABAR 2317-MeV/c^2 and CLEO 2463-MeV/c^2 discoveries, Acta Phys.Polon. B35 (2004) 2377–2392, [hep-ph/0307102].

[27] M. Henningson and K. Sfetsos, Spinors and the AdS / CFT correspondence, Phys.Lett. B431 (1998) 63–68, [hep-th/9803251].

[28] W. Mueck and K. Viswanathan, Conformal field theory correlators from classical field theory on anti-de Sitter space. 2. Vector and spinor fields, Phys.Rev. D58 (1998) 106006, [hep-th/9805145].

[29] O. Aharony, S. S. Gubser, J. M. Maldacena, H. Ooguri, and Y. Oz, Large N field theories, string theory and gravity, Phys.Rept. 323 (2000) 183–386, [hep-th/9905111].

[30] R. Contino and A. Pomarol, Holography for fermions, JHEP 0411 (2004) 058, [hep-th/0406257].

[31] G. Cacciapaglia, G. Marandella, and J. Terning, Dimensions of Supersymmetric Operators from AdS/CFT, JHEP 0906 (2009) 027, [arXiv:0802.2946].

[32] I. R. Klebanov and E. Witten, AdS / CFT correspondence and symmetry breaking, Nucl.Phys.

B556 (1999) 89–114, [hep-th/9905104].

[33] Y. Nambu and G. Jona-Lasinio, Dynamical Model of Elementary Particles Based on an Analogy with Superconductivity. I., Phys.Rev. 122 (1961) 345–358.

[34] Y. Nambu and G. Jona-Lasinio, Dynamical Model of Elementary Particles Based on an Analogy with Superconductivity. II., Phys.Rev. 124 (1961) 246–254.

[35] Particle Data Group Collaboration, J. Beringer et. al., Review of Particle Physics (RPP), Phys.Rev. D86 (2012) 010001.

[36] HPQCD Collaboration, R. Dowdall, C. Davies, R. Horgan, C. Monahan, and J. Shigemitsu, B-meson decay constants from improved lattice NRQCD and physical u, d, s and c sea quarks,

arXiv:1302.2644.

[37] Fermilab Lattice, MILC Collaboration, A. Bazavov et. al., Pseudoscalar meson physics with four dynamical quarks, PoS LATTICE2012 (2012) 159, [arXiv:1210.8431].

[38] UKQCD Collaboration, G. Herdoiza, C. McNeile, and C. Michael, Decay constants of P-wave heavy-light mesons from unquenched lattice QCD, Phys.Rev. D74 (2006) 014510, [hep-lat/0604001].

[39] CLEO Collaboration, B. Eisenstein et. al., Precision Measurement of B(D^+ → μ^+ν) and the Pseudoscalar Decay Constant f(D^+), Phys.Rev. D78 (2008) 052003, [arXiv:0806.2112].

[40] P. Colangelo, G. Nardulli, A. Ovchinnikov, and N. Paver, Semileptonic B decays into positive parity charmed mesons, Phys.Lett. B269 (1991) 201–207.

[41] W. Lucha, D. Melikhov, and S. Simula, OPE, charm-quark mass, and decay constants of D and D_s mesons from QCD sum rules, Phys.Lett. B701 (2011) 82–88, [arXiv:1101.5986].

[42] P. Colangelo, G. Nardulli, and N. Paver, Semileptonic B decays into charmed p wave mesons and the heavy quark symmetry, Phys.Lett. B293 (1992) 207–215.

[43] S. Veseli and I. Dunietz, Decay constants of p and d wave heavy light mesons, Phys.Rev. D54 (1996) 6803–6810, [hep-ph/9607293].

[44] V. Morenas, A. Le Yaouanc, L. Oliver, O. Pene, and J. Raynal, Decay constants in the heavy quark limit in models a la Bakamjian and Thomas, Phys.Rev. D58 (1998) 114019, [hep-ph/9710298].

[45] S.-L. Zhu and Y.-B. Dai, The Effect of Bπ continuum in the QCD sum rules for the (0+, 1+) heavy meson doublet in HQET, Mod.Phys.Lett. A14 (1999) 2367–2377, [hep-ph/9811449].

[46] H.-Y. Cheng, C.-K. Chua, and C.-W. Hwang, Covariant light front approach for s wave and p wave mesons: Its application to decay constants and form-factors, Phys.Rev. D69 (2004) 074025, [hep-ph/0310359].

[47] F. Jugeau, A. Le Yaouanc, L. Oliver, and J.-C. Raynal, The Decays B → D^{∗∗}π and the Isgur-Wise functions τ_{1/2}(w), τ_{3/2}(w), Phys.Rev. D72 (2005) 094010, [hep-ph/0504206].

[48] ALPHA Collaboration, B. Blossier et. al., HQET at order 1/m: III. Decay constants in the quenched approximation, JHEP 1012 (2010) 039, [arXiv:1006.5816].

[49] P. Colangelo, F. De Fazio, G. Nardulli, N. Di Bartolomeo, and R. Gatto, Strong coupling of excited heavy mesons, Phys.Rev. D52 (1995) 6422–6434, [hep-ph/9506207].

[50] P. Colangelo and F. De Fazio, QCD interactions of heavy mesons with pions by light cone sum rules, Eur.Phys.J. C4 (1998) 503–511, [hep-ph/9706271].

[51] Y.-B. Dai and S.-L. Zhu, Decay widths of B_1 and B^∗_2 to the leading order of O(1/m_Q) in HQET, Phys.Rev. D58 (1998) 074009, [hep-ph/9802224].

[52] M. B. Wise, Chiral perturbation theory for hadrons containing a heavy quark, Phys.Rev. D45 (1992) 2188–2191.

[53] G. Burdman and J. F. Donoghue, Union of chiral and heavy quark symmetries, Phys.Lett. B280 (1992) 287–291.

[54] T.-M. Yan, H.-Y. Cheng, C.-Y. Cheung, G.-L. Lin, Y. Lin, et. al., Heavy quark symmetry and chiral dynamics, Phys.Rev. D46 (1992) 1148–1164.

[55] CLEO Collaboration, A. Anastassov et. al., First measurement of Gamma(D^{∗+}) and precision measurement of m(D^{∗+}) − m(D^0), Phys.Rev. D65 (2002) 032003, [hep-ex/0108043].

[56] BaBar Collaboration, J. Lees et. al., Measurement of the D^∗(2010)^+ meson width and the D^∗(2010)^+ − D^0 mass difference, arXiv:1304.5657.

[57] N. Isgur and M. B. Wise, Weak Decays of Heavy Mesons in the Static Quark Approximation, Phys.Lett. B232 (1989) 113.

[58] N. Isgur and M. B. Wise, Weak Transition Form-factors between Heavy Mesons, Phys.Lett.

B237 (1990) 527.

[59] LHCb Collaboration, R. Aaij et. al., Evidence for CP violation in time-integrated D^0 → h^−h^+ decay rates, Phys.Rev.Lett. 108 (2012) 111602, [arXiv:1112.0938].

[60] CDF Collaboration, T. Aaltonen et. al., Measurement of the difference of CP–violating asymmetries in D^0 → K^+K^− and D^0 → π^+π^− decays at CDF, Phys.Rev.Lett. 109 (2012) 111801, [arXiv:1207.2158].

[61] F. Buccella, M. Lusignoli, G. Miele, A. Pugliese, and P. Santorelli, Nonleptonic weak decays of charmed mesons, Phys.Rev. D51 (1995) 3478–3486, [hep-ph/9411286].

[62] Y. Grossman, A. L. Kagan, and Y. Nir, New physics and CP violation in singly Cabibbo suppressed D decays, Phys.Rev. D75 (2007) 036008, [hep-ph/0609178].

[63] I. I. Bigi, A. Paul, and S. Recksiegel, Conclusions from CDF Results on CP Violation in D^0 → π^+π^−, K^+K^− and Future Tasks, JHEP 1106 (2011) 089, [arXiv:1103.5785].

[64] G. Isidori, J. F. Kamenik, Z. Ligeti, and G. Perez, Implications of the LHCb Evidence for Charm CP Violation, Phys.Lett. B711 (2012) 46–51, [arXiv:1111.4987].

[65] H.-Y. Cheng and C.-W. Chiang, Direct CP violation in two-body hadronic charmed meson decays, Phys.Rev. D85 (2012) 034036, [arXiv:1201.0785].

[66] H.-n. Li, C.-D. Lu, and F.-S. Yu, Branching ratios and direct CP asymmetries in D → P P decays, Phys.Rev. D86 (2012) 036012, [arXiv:1203.3120].

[67] E. Franco, S. Mishima, and L. Silvestrini, The Standard Model confronts CP violation in D^0 → π^+π^− and D^0 → K^+K^−, JHEP 1205 (2012) 140, [arXiv:1203.3131].

[68] LHCb Collaboration, R. Aaij et. al., Search for direct CP violation in D^0 → h^−h^+ modes using semileptonic B decays, Phys.Lett. B723 (2013) 33–43, [arXiv:1303.2614].

[69] M. Golden and B. Grinstein, Enhanced CP Violations in Hadronic Charm Decays, Phys.Lett.

B222 (1989) 501.

[70] J. Brod, A. L. Kagan, and J. Zupan, Size of direct CP violation in singly Cabibbo-suppressed D decays, Phys.Rev. D86 (2012) 014023, [arXiv:1111.5000].

[71] D. Pirtskhalava and P. Uttayarat, CP Violation and Flavor SU(3) Breaking in D-meson Decays, Phys.Lett. B712 (2012) 81–86, [arXiv:1112.5451].

[72] B. Bhattacharya, M. Gronau, and J. L. Rosner, CP asymmetries in singly-Cabibbo-suppressed D decays to two pseudoscalar mesons, Phys.Rev. D85 (2012) 054014, [arXiv:1201.2351].

[73] T. Feldmann, S. Nandi, and A. Soni, Repercussions of Flavour Symmetry Breaking on CP Violation in D-Meson Decays, JHEP 1206 (2012) 007, [arXiv:1202.3795].

[74] J. Brod, Y. Grossman, A. L. Kagan, and J. Zupan, A Consistent Picture for Large Penguins in D → π^+π^−, K^+K^−, JHEP 1210 (2012) 161, [arXiv:1203.6659].

[75] B. Bhattacharya, M. Gronau, and J. L. Rosner, Direct CP Violation in D Decays in view of LHCb and CDF Results, arXiv:1207.0761.

[76] T. Hambye, B. Hassanain, J. March-Russell, and M. Schvellinger, On the ΔI = 1/2 rule in holographic QCD, Phys.Rev. D74 (2006) 026003, [hep-ph/0512089].

[77] T. Hambye, B. Hassanain, J. March-Russell, and M. Schvellinger, Four-point functions and Kaon decays in a minimal AdS/QCD model, Phys.Rev. D76 (2007) 125017, [hep-ph/0612010].