arXiv:nucl-th/0002023 8 Feb 2000

Matter induced æ � ffi mixing : a source of dileptons

O. Teodorescu, A. K. Dutt-Mazumder, and C. Gale Physics Department, McGill University 3600 University St., Montreal, Quebec H3A 2T8, Canada

We study the possibility of ρ�δ mixing via N-N excitations in dense nuclear matter. This mixing induces a peak in the dilepton spectra at an invariant mass equal to that of the δ. We calculate the cross section for dilepton production through the mixing process and we compare its size with that of π � π annihilation. In-medium masses and mixing angles are also calculated.

PACS numbers: 25.75.-q, 25.75Dw, 24.10Cn

Heavy ion physics has recently seen a considerable effort being devoted to the study of the properties of hadrons in a hot and/or dense nuclear medium. Those activities were stimulated in part by the suggestion that in the nuclear medium, the vector meson masses would drop from their values in free space and that this could be interpreted as a precursor phenomenon of chiral symmetry restoration [1]. Several attempts have been made to highlight and understand the in-medium behaviour of vector mesons, both in theory and experiment [1–4]. In this respect electromagnetic signals constitute valuable probes, especially lepton pairs. This owes to the fact that the leptons couple to hadrons via vector mesons and therefore hadronic processes involving e^+e^− in the final channel are expected to reveal their properties in the dilepton spectra. Furthermore, the e^+e^− pairs suffer minimum final state interactions and are thus likely to bring information to the detectors essentially unscathed. Several experiments have measured, or are planning to measure, the lepton pairs produced in nucleus-nucleus collisions. They have been carried out by the DLS at LBL [5], and by HELIOS [6] and CERES [2] at CERN. Two new initiatives that will focus on electromagnetic probes will be PHENIX at RHIC [7] and HADES at GSI [8]. The density-dependent characteristics of vector mesons can also be highlighted through experiments performed at TJNAF [9]. The last two projects will involve measurements performed in environments where the possible modifications from vacuum properties will mostly be density-driven. It is with those in mind that we have performed the theoretical estimates about which we report in this paper.

While several theoretical studies have sought to investigate the in-medium properties of the vector mesons (mainly the ρ), their possible mixing with other mesons has only started to receive attention in the context of dense baryonic matter. An exception is the case of ρ-ω [17,18]. This specific mixing can be omitted when dealing with symmetric nuclear matter, as we will here. The popularity of the ρ meson resides in the fact that in nuclear collisions a substantial contribution to the dilepton spectra comes from π-π annihilation which proceeds through ρ as an intermediate state. This fact can also be stated as the dilepton spectrum sampling the in-medium vector meson spectral function [12].

We explore here the possibility of ρ-δ (or a_0 as listed in [13]) mixing via nucleon(n)-nucleon(n) excitations in nuclear matter. Such a mixing, in effect, is similar to the known ω-σ mixing [14–16,19]. This is a pure density-dependent effect and is forbidden in free space on account of Lorentz symmetry. We will show that such a mixing opens up a new channel for the dilepton productions and induces an additional peak in the ϕ mass region.

The interaction Lagrangian we will use can be written as L_{int} = g_σψ̄ϕ_σψ + g_δψ̄ϕ_{δ,a}τ^aψ + g_{ωNN} ψ̄γ_μψω^μ + g_ρ[ψ̄γ_μτ^αψ + κ_ρ 2m_n ψ̄σ_{μν} τ^α∂^ν ]ρ^μ_α , (1)

where ψ, ϕ_σ, ϕ_δ, ρ and ω correspond to nucleon, σ, δ , ρ and ω fields, and τ_a is a Pauli matrix. The values used for the coupling parameters are obtained from Ref. [20].

The polarization vector through which the δ couples to ρ via the n-n loop is given by Π_μ(q_0, |⃗q|) = 2ig_δg_ρ ∫ d^4k (2π)^4

Tr[G(k)Γ_μG(k + q)]. (2)

where 2 is an isospin factor and the vertex for ρ-nn coupling is:

Γ_μ = γ_μ − κ_ρ 2m_n σ_{μν} q^ν . (3)

G(k) is the in-medium nucleon propagator given by [21]

G(k_0, |⃗k|) = G_F (k) + G_D(k_0, ⃗k) (4)

with

G_F (k) =

(k/ + m^∗_n) k^2 − m^{∗2}_n + iϵ

, (5) and G_D(k_0, |k|) = (k/ + m^∗_n) iπ E^∗_k δ(k_0 − E^∗_k)θ(k_F − |k|) , (6)

where E^∗_k = √ k^2 + m^{∗2}_n . The second term (G_D) deletes on-mass shell propagation of nucleons having momenta below the Fermi momentum k_F . In Eq. (4), the subscripts F and D refer to the free and density-dependent part of the propagator. In the subsequent equations m^∗_n denotes the effective nucleon mass evaluated at the mean field level [21].

With the evaluation of the trace and after a little algebra Eq. (2) could be cast into a suggestive form:

Π_μ(q_0, |q|) = g_ρg_δ π^3

2q^2(2m^∗_n − κq^2 2m_n ) ∫_{kF} 0 d^3k E^∗(k) k_μ −^{qμ}_{q2} (k · q) q^4 − 4(k · q)^2

. (7)

This immediately leads to two conclusions. First, it respects the current conservation condition, viz. q^μΠ_μ = 0 = Π_ν q^ν . Secondly, there are only two components which would survive after the integration over azimuthal angle. In fact this guarantees that it is only the longitudinal component of the ρ meson which couples to the scalar meson while the transverse mode remains unaltered. Furthermore, current conservation implies that out of the two non-zero components of Π_μ, only one is independent. It should be noted here that the tensor interaction, as evident from Eq. (7), inhibits the mixing.

In presence of mixing the combined meson propagator might be written in a matrix form where the dressed propagator would no longer be diagonal:

D = D^0 + D^0ΠD . (8)

It is to be noted that the free propagator is diagonal and has the form

D^0 = ( D^0_{μν} 0 0 Δ_0 ) . (9)

In Eq. (9) the noninteracting propagator for the δ and ρ are given respectively by

Δ_0(q) = 1 q^2 − m^2_δ + iϵ

, (10)

D^0_{μν} (q) = −g_{μν} +^{qμqν}_{q2} q^2 − m^2_ρ + iϵ

, (11)

The mixing is characterised by the polarization matrix which contains non-diaginal elements Π = ( Π^ρ_{μν} (q) Π_ν(q) Π_μ(q) Π^δ(q) ) . (12)

In the above expression, Π^δ and Π^ρ_{μν} refer to the diagonal self-energies of the δ and ρ meson induced by the n-n polarization: Π^δ(q_0, |⃗q|) = −2ig^2_δ ∫ d^4k (2π)^4

Tr[G(k)G(k + q)] (13) Π^ρ_{μν} (q_0, |⃗q|) = −2ig^2_ρ ∫ d^4k (2π)^4

Tr[G(k)Γ_μG(k + q)Γ̃_ν] . (14)

It should be mentioned that, unlike mixing, Eqs. (13) and (14) also involve a free part stemming from the G_F (k)G_F (k) combination which is divergent. This therefore needs to be regularized. The regularization condition we employ is ∂^nΠ^F (q^2)/∂(q^2)^n|_m�_{n→m,q}2_{=m}2_v = 0 (n = 0, 1, 2..., ∞) [17]. For ρ the results may be found in Ref. [17] which we do not present here and for δ the free part of the self-energy is given by :

Π^δ (q^2) =

3g^2_δ 2π^2

[3(m^{∗2}_n − m^2_n) − 4(m^∗_n − m_n)m_n − (m^{∗2}_n − m^2_n)

∫_1 0 dx ln [ m^{∗2}_n − x(1 − x)q^2 m^2_n ]

− ∫_1 0 dx (m^2_n − x(1 − x)q^2) ln [ m^{∗2}_n − x(1 − x)q^2 m^2_n − x(1 − x)q^2 ] . (15)

It might be worthwhile to say here that the ρ meson, being a vector, the collective oscillations set by its propagation through matter would have longitudinal (L) and transverse (T) components depending upon whether its spin is aligned along or perpendicular to the direction of propagation. Accordingly, with a special choice of z-axis along the direction of the momenta (⃗q), one can define the longitudinal and transverse polarization as Π_L = −Π_{00} + Π_{33} and Π_T = Π_{11} = Π_{22} respectively [14]. To determine the collective modes, one defines the dielectric function as [14]:

ϵ(q_0, |⃗q|) = det(1 − D^0Π) = ϵ^2_T × ϵ_{mix} , (16)

where ϵ_T corresponds to two identical transverse (T) modes and ϵ_{mix} correspond to the longitudinal mode with the mixing. The latter, of course, also characterizes the mode relevant for the δ meson propagation.

ϵ_T = 1 − d_0Π_T , d_0 = 1 q^2 − m^2_δ + iϵ

ϵ_{mix} = (1 − d_0Π_L)(1 − Δ_0Π_s) − q^2 |⃗q|^2 Δ_0d_0(Π_0)^2 (17)

The zeros of the dielectric functions characterize the dispersion relation for the meson propagation. Fig. 1 shows the relevant dispersion curves with and without mixing at density ρ=2.5ρ_0. As only the L mode mixes with the scalar mode, we do not consider the T mode. The latter in fact is the same as presented in Ref. [17] for ρ meson. The effect of mixing on the pole masses, as evident from Fig. 1, are found to be very small. However, the mixing could be large when the mesons involved go off-shell. It should be noted that the modes with mixing move away from each other compared to what one obtains without mixing. This can be understood in terms of “level-level” repulsion driven by the off-diagonal terms of the dressed propagator [16].

FIG. 1. The dispersion curve for ρ and δ meson with and without mixing at ρ=2.5ρ0.

Fig. 2 shows the dependence of the invariant masses (M_i = √ q^2_{0(i)} − |⃗q_i|^2) ( i = ρ, δ ) on nuclear densities where

q_0’s are determined from the zeros of the dielectric function, Eq. (17). It is evident that the difference of the invariant masses first decreases with density reaching a minima and then again starts increasing. This behavior arises from the non-monotonic density dependence of the polarization functions.

FIG. 2. The invariant mass as a function of the relative nuclear density.

To calculate the mixing angle, one diagonalizes the mass matrix [17] with the mixing and obtains θ_{mix} = 1 2 arctan( 2Π^{ρδ}_{mix} m^2_δ − m^2_ρ − Π^ρ_L + Π^δ

) (18)

In Eq. (18) Π^{ρδ}_{mix} = M_i/|⃗q|Π_0 which increases with density. Π_0 is the zero component of Eq. (7). Eq. (18) clearly shows that the mixing angle depends not only on the mixing amplitude (Π_0) but also on the “energy denominator”. The latter, as seen in Fig. 2, first decreases as a function of density then again shows an increase characterizing the density dependence of the mixing angle as presented in Fig. 3. The mixing angle in Fig. 3 corresponds to |⃗q|=0.3 GeV/c. The momentum dependence for a density 2.5 times higher than the normal nuclear matter density is shown in the right panel of the same figure. This shows that for momenta beyond |⃗q| ≈ 0.2 GeV/c the mixing is quite appreciable which affects the dilepton yield substantially as shown later. It should also be noted that the mixing angle vanishes at |⃗q| = 0 or at ρ = 0, as it should.

FIG. 3. The mixing angle as a function of the relative nuclear density (left panel) and of momentum (right panel).

The ρ-δ mixing opens a new channel viz π + η → e^+ + e^− in dense nuclear matter through n-n excitations. The Feynman diagram of the process is depicted in Fig. 4.

FIG. 4. The Feynman diagram for the process π + η ! e+ + e�.

The cross-section for this process might be expressed in terms of the mixing amplitude (Π_0) σ_{πη→e}+_e� = 4πα^2 3q^2_zM g^2_{δπη} g^2_ρ m^4_ρ (M^2 − m^2_ρ)^2 + m^2_ρΓ^2_ρ(M ) 1 (M^2 − m^2_δ )^2 + m^2_δ Γ^2_δ (M ) 1 √ M^2 − 4m^2_π

| Π_0 |^2 . (19)

For the decay widths we consider the invariant mass dependence as presented below:

Γ_ρ(M ) = g^2_{ρππ} 6π (^{M2}_4 − m^2_π )^{32} , M^2

(20) and Γ_δ (M ) = g^2_{δπη} 16π √ (M^2 − (m_π + m_η )^2)(M^2 − (m_π − m_η )^2) M^3

. (21)

To describe the πδη vertex we use L_{δπη} = f_{δπη} m^2_δ − m^2_η m_π ϕ_η ⃗ϕ_π · ⃗ϕ_δ , (22)

where for later convenience we define g_{πδη} = f_{δπη} (m^2_δ − m^2_η)/m_π .

FIG. 5. Dilepton spectrum induced by π + π ! e+ + e� and π + η ! e+ + e� considering matter induced ρ � δ mixing

Of course, there is an uncertainty involved with the coupling parameter f_{δπη} as discussed in Refs. [22,13]. This arises from the fact that δ (or a_0) lies close to the opening of the KK̄ channel leading to a cusp-like behavior in the resonant amplitude, therefore a naive Breit-Wigner form for the decay width is inadequate. Furthermore, as mentioned before, there is also uncertainty involved with the δNN coupling which renders the precise extraction of δπ-η coupling even more difficult [22]. We take a value for f_{δηπ} =0.44 from Ref. [22] which gives Γ_{δ→πη} (m_δ )=59 MeV, while the experimental vacuum width of δ is between 50 − 100 MeV [13].

One can notice in Fig. 5 that the process, π + η → e^+ + e^−, at densities higher than ρ0, not only enhances the overall production of lepton pairs but also induces an additional peak near the ϕ mass region. The contribution at the δ mass is comparable to that of π + π → e^+ + e^− near the ρ peak, for densities higher than ρ0. Fig. 5 also shows that as the density goes even higher the dilepton yield arising out of the mixing also increases further. The cross-section increases with increasing momenta of the mesons in keeping with the mixing angle as shown in Fig. 3.

We have highlighted the possibility of ρ-δ mixing in dense nuclear matter. We observe the appearance of an additional peak at a dilepton invariant mass that corresponds to that of the δ. With sufficient experimental resolution, this effect could be observable. Probably not as an individual peak, because of the δ’s vacuum width which is already not small, but more realistically as a shoulder in the ϕ spectrum. This feature is then exclusively density-dependent. Our aim here was to establish the existence of the signal. Our calculation can, and will be improved upon: further studies are in progress to assess finite temperature effects and to self-consistently incorporate the necessary many-body machinery. For example, the characteristics of the ρ can be modified in the nuclear medium [23] and the in-medium behaviour of the δ needs to be addressed. We have verified that the inclusion of hadronic form factors does not change the conclusions we reach in this work. Detailed results will be presented elsewhere.

ACKNOWLEDGMENTS

This work was supported in part by the Natural Sciences and Engineering Research Council of Canada and in part by the Fonds FCAR of the Québec Government.

[1] G. E. Brown and M. Rho, Phys. Rev. Lett 66, 2720 (1991). [2] P. Wurm for the CERES collaboration, Nucl. Phys. A590, 103c (1995). [3] G. Q. Li, C. M. Ko, and G. E. Brown, Nucl. Phys. A606, 568 (1996). [4] R. Rapp, G. Chanfray, and J. Wambach, Nucl. Phys. A617, 472 (1997). [5] See, for example, R. J. Porter et al., Nucl. Phys. A638, 499 (1998), and references therein. [6] M. Masera for the HELIOS collaboration, Nucl. Phys. A590, 93c (1995). [7] D. P. Morrison et al., Nucl. Phys. A638, 560 (1998). [8] J. Friese et al., Prog. Part. Nucl. Phys. 42, 235 (1999). [9] M. Kossov et al., TJNAF proposal No. PR-94-002 (1994). [10] X. Jin and Derek B. Leinweber, Phys. Rev. C 52, 3344 (1995) [11] R. Altemus et al., Phys. Rev. Lett. 44, 965 (1980) [12] Charles Gale and Joseph Kapusta, Nucl. Phys. B357, 51 (1991). [13] Particle Data Group, Euro. Phys. J. C, Vol. 3, 1 (1998) [14] S. A. Chin, Ann. Phys. 108, 301 (1977) [15] B. D. Serot and J. D. Walecka, Adv. Nucl. Phys. 16, 1 (1986) [16] K. Saito, K. Tsushima, A. W. Thomas, and A. G. Williams, Phys. Lett. 433B, 243 (1998). [17] A. K. Dutt-Mazumder, B. Dutta-Roy, and A. Kundu, Phys. Lett. 399B, 196 (1997). [18] W. Broniowski and W. Florkowski, Phys. Lett. 440B, 7 (1998). [19] G. Wolf, B. Friman and M. Soyeur, Nucl. Phys. A640, 129 (1998). [20] R. Machleidt, Adv. Nucl. Phys. 19, 198 (1989).

[21] See, for example, Brian D. Serot and John D. Walecka, Adv. Nucl. Phys. 16, 1 (1986). [22] M. Kirchbach and L. Taitor, Nucl. Phys. A604, 385 (1996). [23] R. Rapp, G. Ghanfray, and J. Wambach, Phys. Rev. Lett. 76, 368 (1996).