arXiv:0907.0064v1 [hep-ph] 1 Jul 2009

The dissociation of a heavy meson in the quark medium

Chanyong Park^{a∗}

a Center for Quantum Spacetime (CQUeST), Sogang University, Seoul 121-742, Korea

ABSTRACT

We investigate the dissociation of a heavy meson in the medium composed of light quarks and gluons. In the quark-gluon plasma, the dissociation length of the heavy meson becomes short as the temperature or quark chemical potential increases. On the contrary, in the hadronic phase the dissociation length becomes large as the chemical potential increases, due to the different dissociation mechanism with one used in the quark-gluon plasma.

∗e-mail : cyong21@sogang.ac.kr

Contents

1 Introduction 1

2 Confinement/deconfinement phase transtition in the quark medium 2

3 Heavy meson in the quark-gluon plasma 5

4 Dissociation in the hadronic phase 8

5 Discussion 10

1 Introduction

Recently, related to the RHIC and LHC experiments it becomes one of the main themes to understand the strongly interacting QCD. Many works have been done using the phenomenological models like the chiral perturbation and Nambu-Jona-Lasinio model. Another powerful method for this subject is the lattice QCD based on the numerical manipulation. At present, using the AdS/CFT correspondence in the string theory [1], various issues related to the strongly interacting QCD are actively investigated by many researchers [2, 3, 4, 5, 6, 7, 8].

In the hard wall model, the confinement can be realized by introducing the infrared (IR) cut-off in the AdS space, which is often called a cut-off AdS [9, 10]. Using this fact, it was shown that the Hawking-Page transition of the gravity theory corresponds to the deconfinement phase transition. The dual geometries are the thermal AdS (tAdS) for the confining phase and the Schwartzschild AdS black hole (SAdS BH) for the deconfining phase, respectively. Here, the dual background metrics do not contain the information for the quarks or baryons so that the corresponding QCD is a pure gauge theory. On the cut-off AdS or its deformation, there were many works to study various physical quantities like the chiral condensation, isospin matters, etc [11, 12, 13, 14, 15, 16].

For the more realistic model, this cut-off AdS space was improved to more general one including the quark chemical potential or the quark number density [17, 18, 19]. In this case, the backreaction of bulk gauge field corresponding to the chemical potential of quarks are considered. The back reacted geometry dual to the quark-gluon plasma becomes the Reissner-Nordstrom AdS black hole (RNAdS BH). At the low temperature the dual geometry corresponding to the hadronic phase is the thermal charged AdS (tcAdS) space, which can be obtained by taking zero mass limit of the RNAdS BH. In Ref. [19], the deconfinement phase diagram and the ρ-meson mass depending on the chemical potential were investigated. It was also shown that the critical baryonic chemical potential where the deconfinement phase transition disappears at zero temperature, is 4000MeV which is too big to explain the QCD expectation. In this paper, to cure this mismatch we introduce the slightly different normalization for the bulk gauge field. Using this, we can find that the critical baryonic chemical potential becomes 1100MeV, which is comparable to the QCD result.

In addition, we investigate the dissociation of a heavy meson affected by the quark chemical potential. As will be shown, in the quark-gluon plasma the dissociation length, in which the heavy meson breaks into two heavy quarks, becomes short as the chemical potential increases. On the contrary, the dissociation length at the low temperature corresponding to the hadronic phase, becomes large as the chemical potential increases. Since there is no free quark in the hadronic phase, the dissociation in this phase implies that the heavy meson breaks into two bound states of heavy-light quarks. In this procedure, the pair production of the light quarks is needed so that the dissociation length increases as the chemical potential becomes large. These results investigating the finite chemical potential or quark density dependence of various physical quantities, may be useful and important for the future experiments like FAIR (Facility for Antiproton and Ion Research).

The rest of paper follows: In the section 2, we shortly review the deconfinement phase transition in the medium with quarks and gluon. Using the slightly different normalization with one used in the Ref. [19], we can show that the baryonic chemical potential at the critical point, above which there is no deconfinement phase transition, can become 1100MeV. This value is comparable to the result obtained from the QCD calculation. In the section 3, we consider the dissociation of a heavy meson lying in the quark-gluon plasma using the open string configuration. In this case, the dissociation length becomes short when the chemical potential or temperature goes up. In the section 4, we repeat the similar calculation in the hadronic phase, in which the dissociation length becomes large unlike the quark-gluon plasma case. We will explain why this behavior can appears in the hadronic phase. In the section 5, we finish our work with summarizing the results and discussing some issues.

2 Confinement/deconfinement phase transtition in the quark medium

In the Ref. [19], it was shown that in the holographic QCD model the hadronic phase could be described by the thermal charged AdS (tcAdS). To describe the quark-gluon plasma, we should consider the Reissner-Nordstrom Ads black hole (RNAdS BH). In this paper, we will investigate the dissociation of a heavy meson in the medium composed of light quarks and gluons. Before doing that, we shortly review the deconfinemnet phase transition with introducing some useful relations (see the Ref. [19] for the detail). The

Euclidean action describing holographic light quarks is given by. S = ∫ d^5x √ G [ 1 2κ^2

(−R + 2Λ) + 1 4g^2 F_{MN} F^{MN} ] , (1)

where G_{MN} is given by

ds^2 =

R^2 z^2 ( f(z)dt^2 + d⃗x^2 + 1 f(z) dz^2 ) , (2)

In the above, the metric function f(z) for the tcAdS is given by

f(z) = 1 + q^2z^6, (3)

and f(z) for the RNAdS BH is

f(z) = 1 − mz^4 + q^2z^6. (4)

Using this, the Einstein and Maxwell equation are satisfied when the bulk gauge field A_t is given by A_t ≡ A(z) = i ( 2π^2μ − Qz^2 ) , (5)

where Q is related to the black hole charge q Q = √ 3g^2R^2 2κ^2 q. (6) In Eq. (5), it is helpful to introduce the coefficient 2π^2 for identifying μ and Q with the chemical potential and the number density of quark, respectively.

In the case of the fixed chemical potential, by introducing the Dirichlet boundary conditions at the horizon A(z_+) = 0, Q can be rewritten as [20] Q = 2π^2μ z^2_+

. (7)

Using this relation, the grand potential of the RNAdS BH becomes

Ω_{RN} = −

V_2R^3 2κ^2 ( 1 z^4_+ + 8π^4κ^2 3g^2R^2 μ^2 z^2_+ ) , (8)

where the black hole horizon z_+ is given by a function of T_{RN} and μ

z_+ =

3g^2R^2 8π^4κ^2μ^2 (√ π^2T^2_{RN} +

16π^4κ^2μ^2 3g^2R^2 − πT_{RN} ) . (9)

From this, we can find the total quark number density n_q n_q ≡ N V_3

= N_cN_f Q. (10)

Figure 1: For N_f /N_c = 3/3, the deconfinement temperature depending on the chemical potential

Since quark transforms as a fundamental representation under the U(N_c) gauge and U(N_f ) flavor symmetry, the above relation Eq. (10) is natural.

For the tcAdS case, the boundary condition at the IR cut-off is given by

A(z_{IR}) = −iπ^2μ, (11)

which relates the black hole charge q to the chemical potential q = 3π^2 z^2_{IR} √ 2κ^2 3g^2R^2 μ. (12)

Then, the grand potential for the tcAdS is reduced to

Ω_{tc} = −

V_2R^3 κ^2 ( 1 z^4_{IR} + 6π^4κ^2 g^2R^2 μ^2 z^2_{IR} ) , (13)

and the total number density becomes the same form in Eq. (10).

Finally, the chemical potential and the temperature at the deconfinement phase transition point are given by

μ_c = 1 2π^2z_{IR} √ 3N_c N_f (z^4_{IR} − 2z^4_+) z^2_+(9z^2_+ − 2z^2_{IR})

, (14)

T_c = 1 πz_+ ( 1 − (z^4_{IR} − 2z^4_+) z^2_{IR}(9z^2_+ − 2z^2_{IR}) ) . (15)

From the first equation, the range of z_+ is given by^{√2}_3 z_{IR} < z_+ ≤^1_{21/4} z_{IR}, where z_{IR} = 1/323MeV. For n ≡^{Nf}_{Nc} = 1, we draw the deconfinement phase diagram in the Figure 1. The critical chemical potential at T_c = 0 , above which there is no deconfinement phase transition, is 50.8 MeV. So the total chemical potential including the constituent quark mass m_q is μ_{tot} = m_q + μ ≈ 390 MeV and the total baryonic chemical potential becomes μ_{B,tot} = m_B + 3μ ≈ 1100 MeV. This result is consistent with the QCD expectation.

3 Heavy meson in the quark-gluon plasma

From now on, we will investigate the binding energy of a heavy meson in the quark-gluon medium. In the holographic QCD model, the bound state of two heavy quarks can be described by the open string ending on the boundary of an asymptotic AdS space. Since the plasma having light quarks and gluons can be described by the RNAdS BH in the gravity side, we consider the open string lying in the RNAdS BH background.

A Nambu-Goto action describing the open string is given by S = 1 2πα^′ ∫ dτdσ √ det∂_aX^M ∂_bX^N G_{MN} , (16)

where subindices, a and b, are the string world sheet indices and G_{MN} is the metric of the RNAdS BH background. We choose the static gauge τ = t, σ = x_1 = x,

z = z(x), (17)

and assume that the end points of the open string are located at x = ±r/2 in the boundary. Then, the string action is reduced to S = R^2β 2πα^′ ∫_{r/2} −r/2 dx √ f(z) + z^{′2} z^2

, (18)

where β is the periodicity of the time coordinate and a prime means the derivative with respect to x. Notice that for the RNAdS BH background f(z) is

f(z) = 1 − mz^4 + q^2z^6. (19)

Following the analogy to the particle mechanics, the Hamiltonian, which is a conserved quantity, is given by H = − R^2β 2πα^′ 1 z^2 f(z) √ f(z) + z^{′2} . (20)

Now, we introduce a parameter z_0 which is the maximum value of the open string in the z-direction. Using the fact that z^′ = 0 at z_0, the Hamiltonian at z = z_0 becomes H = − R^2β 2πα^′ 1 z^2_0 √ f(z_0). (21)

From Eq. (20) and Eq. (21), we can easily find a relation between the inter-quark distance r and the maximum value z_0

r = 2 ∫_{z0} 0 dz z^2 √ f(z_0) √ f(z) 1 √ f(z)z^4_0 − f(z_0)z^4

. (22)

Figure 2: The binding energy depending on the distance between two heavy quarks in the quark-gluon plasma. (a) At the point P , the dissociation occurs. (b) As the flavor number goes up, the dissociation length decreases.

The energy of the heavy meson, V ≡ S/β is given by V = R^2 πα^′ ∫_{z0} 0 dz 1 z^2 √ f(z) √ f(z) − f(z_0)z^4/z^4_0

. (23)

Since this energy diverges at z = 0, we should renormalize it.

For this, we consider two straight open strings, which represent two free heavy quarks and are extended from z = 0 to z_+. Under the following ansatz, τ = t, σ = z, x_1 = const (24)

the energy for two free heavy quarks is given by

V_f =

R^2 πα^′ ∫_{z+} 0 dz 1 z^2 √ f(z), (25)

where z_+ is the outer horizon of the RNAdS BH. As a result, the renormalized binding energy of heavy quarks is given by V_b = V − V_f = R^2 πα^′ [∫_{z0} 0 dz 1 z^2 √ f(z) √ f(z) − f(z_0)z^4/z^4_0 − ∫_{z+} 0 dz 1 z^2 √ f(z) ] . (26)

Note that since we consider the static configuration only, the quarks are not moving in the x-direction so that we can ignore the kinetic energy of heavy quarks. In this paper, since our main interest is to investigate physical quantities at the dissociation point V_b = 0, the coefficient^{R2}_{πα′} does not play any role.

Figure 3: Dissociation length depending on (a) the temperature and (b) the chemical potential in the quark-gluon plasma.

When the chemical potential and the temperature are given by μ = 30MeV and T = 200MeV, the binding energy V_b depending on the inter-quark distance r for n = 1 is shown in the Figure 2(a), where the point P represents the dissociation of the heavy meson. In the Figure 2(b), we find that the dissociation length becomes short as the flavor number N_f = nN_c become large. This implies that the heavy quarks bound state can be easily dissociated as the flavor number increases.

From now on, we will investigate the dissociation length r_d, which is the inter-quark distance at V_b = 0, depending on the temperature. For that, we should note that the binding energy and the inter-quark distance are given as functions of four variables, μ, T , n = N_f /N_c and z_0. Therefore, to find the dissociation length depending on the temperature, we have to fix μ and n. Here, we fix n = 1 and μ = 30MeV. In this case, T in the quark-gluon plasma should be higher than 91.2MeV, which corresponds to the deconfinement phase transition temperature. From Eq. (26), we find numerically the set of solutions {z_+, z_0} satisfying V_b = 0. Inserting these solutions into Eq. (9), we can easily read the temperature. Using these results, we draw the curve representing the dissociation length depending on the temperature in the Figure 3(a). Notice that since we consider the quark-gluon plasma, there exists the minimum value of the temperature corresponding to the deconfinement phase transition temperature. In the Figure 3(a), the left end of curve represents the deconfinement phase transition point. As shown in the figure, the dissociation length decreases as the temperature increases. This is consistent with our intuition. When the temperature goes up, the heavy quarks bound state should be dissociated easily due to the thermal fluctuation.

To describe the chemical potential dependence, we fix n = 1 and T = 100MeV. In this case, the deconfinement phase transition occurs at μ = 26.8MeV. With the same method in the previous case, the chemical potential dependence of the dissociation length is shown in the Figure 3(b), where the left end of the plot is the deconfinement phase transition point. As shown in the figure, the dissociation length becomes short as the chemical potential increases. To understand this result, we have to notice from Eq. (7)

Figure 4: The binding energy of a heavy meson in the hadronic phase. (a) Q is the dissociation point. (b) It is the binding energy depending on the flavor number, in which the dissociation length becomes large as the flavor number increases.

and Eq. (9) that the number density is a monotonically increasing function when the chemical potential increases Q = 128π^6 9 n^2μ^5 (√ π^2T^2 +^{16π4}_3 nμ^2 − πT

)_2 . (27)

Usually, in the deconfining phase the light quarks exist as free quarks, which disturb the interaction between two heavy quarks. When the chemical potential becomes large, the number of light free quarks increase and they screen the interaction between two heavy quarks more strongly. Therefore, the result in the Figure 3(b) is natural.

4 Dissociation in the hadronic phase

In this section, we will study the binding energy and the dissociation of a heavy meson in the hadronic or confining phase. In this case, the dual geometry is the tcAdS. The binding energy and the inter-quark distance in this background are given by

r = 2 ∫_{z0} 0 dz z^2 √ f(z_0) √ f(z) 1 √ f(z)z^4_0 − f(z_0)z^4

, (28)

V_b =

R^2 πα^′ [∫_{z0} 0 dz 1 z^2 √ f(z) √ f(z) − f(z_0)z^4/z^4_0 − ∫_{zIR} 0 dz 1 z^2 √ f(z) ] , (29)

with f(z) = 1 + q^2z^6. (30)

Note that the range of z of the second integral in Eq. (29) is given by 0 ≤ z ≤ z_{IR}, where Z_{IR} is the IR cut-off.

Figure 5: For n = 1, the chemical potential dependence of the dissociation length in the hadronic phase.

Using these, we cab find the binding energy depending on the inter-quark distance (see the Figure 4(a), where n = 1 and μ = 10MeV are used. In the hadronic phase, there is no temperature dependence in the holographic QCD model, so we consider the zero temperature case only. As shown in the Figure 4(a), there exists a dissociation point Q. Note that there is no free quarks in the confining phase. Then, what is the meaning of the dissociation in the confining phase? In the deconfining phase, the dissociation implies that due to the thermal energy or the screening effect of the light quarks the heavy quarks bound state is broken to two free heavy quarks. In the confining phase, since there is no free quark, the dissociation implies that the heavy quarks bound state is broken into two heavy-light quarks bound state. In the Figure 4(b), we draw the several binding energy with different flavor number. On the contrary to the quark-gluon plasma case, the dissociation length increases when the flavor number becomes large. To understand this behavior, we investigate the dissociation length depending on the chemical potential. When n = 1 and T = 0, the chemical potential dependence of the dissociation length is shown in the Figure 5. As shown in the figure, the dissociation length increase as the chemical potential becomes large, which is opposite to the quark-gluon plasma case. To understand this result, we first notice that the pair creation of two lights quark is needed to make the heavy meson dissociated. In the zero temperature the chemical potential can be interpreted as the fermi energy of the light quark. Therefore, the larger chemical potential becomes the more energy is needed for the pair creation of light quarks, which make the dissociation of the heavy meson difficult. So it seems natural that the dissociation length in the hadronic phase increases as the chemical potential becomes large. Notice that in the Figure 5. the right end of the plot is the phase transition point.

5 Discussion

In this paper, we have shown that the deconfinement phase transition disappears near the critical baryonic chemical potential μ = 1100MeV, which is comparable to the QCD expectation. We also investigated the dissociation of the heavy meson in the quark-gluon medium. In the quark-gluon plasma, the interaction between heavy quarks is screened by the light quarks so that the dissociation length of the heavy meson decreases as the temperature or the light quark chemical potential becomes large. The dissociation in the hadronic phase implies that the heavy meson is broken into two heavy-light quark bound states. So the pair creation of light quarks is needed to dissociate the heavy meson, which makes the dissociation length become large as the chemical potential increases.

Here, we only considered the backreaction of the quark matters. In general, there exist other important effects like the chiral condensation and the gluon condensation in the hadronic phase. To describe more realistic model, we should consider the dual geometry including these effects and then investigate the various physical quantities. We hope to report some results of this problem.

Acknowledgement We would like to appreciate to Youngman Kim, Bum-Hoon Lee and Sang-Jin Sin for valuable discussion. This work was supported by the Korea Science and Engineering Foundation (KOSEF) grant funded by the Korea government(MEST) through the Center for Quantum Spacetime(CQUeST) of Sogang University with grant number R11-2005-021.

References

[1] J. M. Maldacena, Adv. Theor. Math. Phys. 2, 231 (1998) [Int. J. Theor. Phys. 38, 1113 (1999)] [arXiv:hep-th/9711200].

[2] T. Sakai and S. Sugimoto, Prog. Theor. Phys. 113, 843 (2005) [arXiv:hep-th/0412141].

[3] S. Kobayashi, D. Mateos, S. Matsuura, R. C. Myers and R. M. Thomson, JHEP 0702, 016 (2007) [arXiv:hep-th/0611099].

[4] A. Parnachev and D. A. Sahakyan, Nucl. Phys. B 768, 177 (2007) [arXiv:hep-th/0610247].

[5] A. Karch, E. Katz, D. T. Son and M. A. Stephanov, Phys. Rev. D 74, 015005 (2006) [arXiv:hep-ph/0602229].

[6] K. Y. Kim, S. J. Sin and I. Zahed, arXiv:hep-th/0608046.

[7] S. Nakamura, Y. Seo, S. J. Sin and K. P. Yogendran, J. Korean Phys. Soc. 52, 1734 (2008) [arXiv:hep-th/0611021].

[8] N. Horigome and Y. Tanii, JHEP 0701, 072 (2007) [arXiv:hep-th/0608198]. [9] C. P. Herzog, Phys. Rev. Lett. 98, 091601 (2007) [arXiv:hep-th/0608151]. [10] S. K. Domokos and J. A. Harvey, Phys. Rev. Lett. 99, 141602 (2007) [arXiv:0704.1604 [hep-ph]].

[11] L. Da Rold and A. Pomarol, Nucl. Phys. B 721, 79 (2005) [arXiv:hep-ph/0501218]. [12] C. Csaki and M. Reece, JHEP 0705, 062 (2007) [arXiv:hep-ph/0608266]. [13] Y. Kim, B. H. Lee, C. Park and S. J. Sin, JHEP 0709, 105 (2007) [arXiv:hep-th/0702131].

[14] D. T. Son and M. A. Stephanov, Phys. Rev. Lett. 86, 592 (2001) [arXiv:hep-ph/0005225].

[15] D. T. Son and M. A. Stephanov, Phys. Atom. Nucl. 64, 834 (2001) [Yad. Fiz. 64, 899 (2001)] [arXiv:hep-ph/0011365].

[16] K. I. Kim, Y. Kim and S. H. Lee, arXiv:0709.1772 [hep-ph].

[17] Y. Kim, B. H. Lee, S. Nam, C. Park and S. J. Sin, Phys. Rev. D 76, 086003 (2007) [arXiv:0706.2525 [hep-ph]].

[18] S. J. Sin, JHEP 0710, 078 (2007) [arXiv:0707.2719 [hep-th]]. [19] B. H. Lee, C. Park and S. J. Sin, arXiv:0905.2800 [hep-th].

[20] S. W. Hawking and S. F. Ross, Phys. Rev. D 52, 5865 (1995) [arXiv:hep-th/9504019];

R. Emparan, C. V. Johnson and R. C. Myers, Phys. Rev. D 60, 104001 (1999) [arXiv:hep-th/9903238]. A. Chamblin, R. Emparan, C. V. Johnson and R. C. Myers, Phys. Rev. D 60, 064018 (1999) [arXiv:hep-th/9902170]; A. Chamblin, R. Emparan, C. V. Johnson and R. C. Myers, Phys. Rev. D 60, 104026 (1999) [arXiv:hep-th/9904197].