arXiv:nucl-th/9806060 v2 14 May 2000

Vol. 30 (1999) ACTA PHYSICA POLONICA B No 4

(981)

CONSISTENT EFFECTIVE FIELD–THEORETIC TREATMENT OF RESONANCES

WITH NON ZERO WIDTH

Frieder Kleefeld

Inst. for Theoretical Physics III, University of Erlangen-Nürnberg Staudtstr. 7, 91058 Erlangen, Germany e-mail: kleefeld@theorie3.physik.uni-erlangen.de

(Received December 28, 1998)

A systematic field theoretic formalism for treating Fermionic resonances with non zero width is given. The implication of unitarity to coupling constants of non local interactions is shown. The extension of the formalism to Bosonic resonance field operators is straight forward.

PACS numbers: 03.70+k, 11.10.Lm

1. Field theoretic effective model for one resonance

It is well known (see e.g. [1], p. 1 ff), that at energies close to a resonance the propagator of a theory is dominated by its singular part, which has the following separable structure: G(E) ≃ |ψ > (E−M)^{−1} <ψ|+regular terms, while |ψ > are state vectors carrying the quantum numbers of the resonance and M = m_∗ − i Γ/2 is the complex mass of the resonance (m_∗ is the real part of the mass M, Γ is the resonance width).

To preserve unitarity, one has to introduce two distinct field operators Ψ̄_L(x) and Ψ_R(x) (“left” and “right” eigen-fields) and their complex conjugates, to describe one resonance degree of freedom in an effective field theoretic way by the following free Lagrangian density:

L_0(x) = α Ψ̄_L(x) ( 1 2 (i∂̸ − i^←∂̸) − m_∗ + i 2 Γ ) Ψ_R(x)

+ α^∗ Ψ̄_R(x) ( 1 2 (i∂̸ − i^←∂̸ =: i^↔∂̸ ) − m_∗ − i 2 γ_0 Γ^+ γ_0

!= Γ

) Ψ_L(x)

(α is an arbitrary complex constant chosen to be 1). Variation of the action with respect to Ψ^+_L (x), Ψ^+_R(x), Ψ_L(x) and Ψ_R(x) yields the following “Diracequations”:

(i∂̸ − M) Ψ_R(x) = 0 , Ψ̄_R(x)(−i^←∂̸ −M^∗) = 0 , (i∂̸ − M^∗) Ψ_L(x) = 0 , Ψ̄_L(x)(−i^←∂̸ −M) = 0 .

Quantization by introduction of the four canonical conjugate momenta results in the following non-vanishing equal-time anti-commutation relations:

{ Ψ_{R, σ}(⃗x, t), Ψ^+_{L, τ} (⃗y, t) } = δ^3(⃗x − ⃗y) δ_{στ} , & Hermitian conjugate .

With the help of ω_R (|⃗k|) := √ |⃗k|^2 + M^2 and ω_L (|⃗k|) := √ |⃗k|^2 + M^{∗ 2 !}= ω^∗_R (|⃗k|) the following four-momenta can be defined: k^μ_R := (ω_R (|⃗k|), ⃗k ) and k^μ_L := (ω_L (|⃗k|), ⃗k ). Now generalized “Dirac-spinors” can be introduced fulfilling the following momentum space “Dirac-equations”:

(− k̸_R + M) u_R (⃗k, s) = 0 , ū_R (⃗k, s) (− k̸_L + M^∗) = 0 , (− k̸_L + M^∗) u_L (⃗k, s) = 0 , ū_L (⃗k, s) (− k̸_R + M) = 0 , ( k̸_R + M) v_R (⃗k, s) = 0 , v̄_R (⃗k, s) ( k̸_L + M^∗) = 0 , ( k̸_L + M^∗) v_L (⃗k, s) = 0 , v̄_L (⃗k, s) ( k̸_R + M) = 0 .

Some of their important properties are: ū_L (⃗k, s) u_R (⃗k, s^′) = δ_{ss}0 , v̄_L (⃗k, s) v_R (⃗k, s^′) = − δ_{ss}0 , ū_L (⃗k, s) v_R (⃗k, s^′) = 0 , v̄_L (⃗k, s) u_R (⃗k, s^′) = 0 ,

u^+_L (⃗k, s) u_R (⃗k, s^′) = ω_R (|⃗k|) M δ_{ss}0 , v^+_L (⃗k, s) v_R (⃗k, s^′) = ω_R (|⃗k|) M δ_{ss}0 , ∑ s u_R (⃗k, s) ū_L (⃗k, s) = k̸_R + M 2M , − ∑ s v_R (⃗k, s) v̄_L (⃗k, s) = − k̸_R + M 2M . Using these spinors the following Fourier-decomposition of the field operators is performed:

Ψ_R(x) = ∑ s ∫ d_3k √2M √ (2π)^3 2ω_R (|⃗k|) [ u_R (⃗k, s) b_R (⃗k, s) e− ik^Rx +v_R (⃗k, s) d^+_R (⃗k, s) eik^Rx ] ,

Ψ_L(x) = ∑ s ∫ d_3k √2M_∗ √ (2π)^3 2ω_L (|⃗k|) [ u_L (⃗k, s) b_L (⃗k, s) e− ik^Lx +v_L (⃗k, s) d^+_L (⃗k, s) eik^Lx ] , Ψ̄_R(x) = ∑ s ∫ d_3k √2M_∗ √ (2π)^3 2ω_L (|⃗k|) [ v̄_R (⃗k, s) d_R (⃗k, s) e− ik^Lx +ū_R (⃗k, s) b^+_R (⃗k, s) eik^Lx ] , Ψ̄_L(x) = ∑ s ∫ d_3k √2M √ (2π)^3 2ω_R (|⃗k|) [ v̄_L (⃗k, s) d_L (⃗k, s) e− ik^Rx +ū_L (⃗k, s) b^+_L (⃗k, s) eik^Rx ] . The non-vanishing anti–commutators of the momentum-space creation and anihilation operators are: { b_R (⃗k, s), b^+_L (⃗k^′, s^′)} = δ^3(⃗k − ⃗k^′) δ_{ss}0 , { d_L (⃗k, s), d^+_R (⃗k^′, s^′)} = δ^3(⃗k − ⃗k^′) δ_{ss}0 , & Hermitian conjugate .

It is now straight forward to construct the “Feynman-propagators” by:

i Δ^R_F (x − y) := < 0|T (Ψ_R(x)Ψ̄_L(y))|0 >

!= i ∫ d_4p (2π)^4 e−ip(x − y) 1 p̸ − M = i ∫ d_4p (2π)^4 e−ip(x − y) 1 p^2 − M^2 ( p̸ + M) , i Δ^L_F (y − x) := − γ_0 ( < 0|T (Ψ_R(x)Ψ̄_L(y))|0 >

)_+

γ_0

!= i ∫ d_4p (2π)^4 e−ip(y − x) 1 p̸ − M^∗ = i ∫ d_4p (2π)^4 e−ip(y − x) 1 p^2 − M^{∗ 2}

( p̸ + M^∗) ,

fulfilling the following equations:

(i∂̸_x − M) Δ^R_F (x − y) = δ^4(x − y) , Δ^R_F (y − x)(−i^←∂̸_x −M) = δ^4(y − x) ,

(i∂̸_x − M^∗) Δ^L_F (x − y) = δ^4(x − y) , Δ^L_F (y − x)(−i^←∂̸_x −M^∗) = δ^4(y − x) .

2. Effective model for one nucleon, one resonance and one meson

The model under consideration can now be extended by introduction of new degrees of freedom, e.g. the nucleon field N(x) (proton, neutron) and one meson ϕ_i(x) (internal index i), to obtain the following Lagrangian:

L(x) = L^0_{N,N�} (x) + L^0_Φ(x) + Lint(x) ,

L^0_{N,N�} (x) = ( N̄(x), N̄^R_∗ (x), N̄^L_∗ (x) ) M(N, N_∗) N(x) N^R_∗ (x) N^L_∗ (x) ,

Lint(x) = − ( N^+(x), N^{R +}_∗ (x), N^{L+}_∗ (x) ) [ Γ^i(N, N_∗) Φ_i(x) + ( Γ^i(N, N_∗)

)_+

Φ^+_i (x) ] N(x) N^R_∗ (x) N^L_∗ (x) , with the following 3 × 3 matrices of Dirac-structures/operators:

M(N, N_∗) :=

( i 2 ↔ ∂̸ −m ) 0 0 0 0 α^∗ (_i 2 ↔ ∂̸ −M^∗ )

0 α ( i 2 ↔ ∂̸ −M ) 0 ,

Γ^i(N, N_∗) := 1 2 Γ^i_{ΦN →N} 0 0 Γ^i_{ΦN →N} R_�^1_2 Γ^i_{ΦN} R_{� →N} R_� 0 Γ^i_{ΦN →N} L_� Γ^i_{ΦN} R_{� →N} L_�^1_2 Γ^i_{ΦN} L_{� →N} L_� , Γ^i(N, N_∗) should be called “vertex matrix” containing all vertex structures between the fields considered. Summation over the internal indices i of the meson field is required. The transition to the non-unitary Wigner-Weisskopf approximation is performed by setting N^{R +}_∗ (x) = N^L_∗ (x) = 0.

3. Implication to coupling constants

As an example the non local interaction Lagrangian between the nucleon, the pion and the Roper-resonance looks as follows:

L_{πN P11} (x) = f_{πN P} L_{11} m_π ( N̄^L_{P11} (x) γ_μγ_5 ⃗τ N(x) ) · ∂^μ⃗Φ_π(x) + f_{πN P} R_{11} m_π ( N̄^R_{P11} (x) γ_μγ_5 ⃗τ N(x) ) · ∂^μ⃗Φ_π(x) + h.c.

Assuming the pseudoscalar couplings g_{πN P} L_{11} and g_{πN P} R_{11} to be equal (arbitrary complex numbers), consistency within the model requires the following relations between the pseudovector couplings:

f_{πN P} L_{11} m_π = g_{πN P} L_{11}

M_{P11} + m_N , f_{πN P} R_{11} m_π = g_{πN P} R_{11}

M^∗_{P11} + m_N , f_{πN P} R_{11} m_π = f_{πN P} L_{11} m_π M_{P11} + m_N M^∗_{P11} + m_N

, g_{πN P} R_{11} = g_{πN P} L_{11} .

Similar expressions hold for negative parity resonances, e.g. the S_{11}(1535) resonance:

f_{πN S}L_{11} m_π = g_{πN S}L_{11} M_{S11} − m_N , f_{πN S}R_{11} m_π = g_{πN S}R_{11}

M^∗_{S11} − m_N , f_{πN S}R_{11} m_π = f_{πN S}L_{11} m_π M_{S11} − m_N M^∗_{S11} − m_N

, g_{πN S}R_{11} = g_{πN S}L_{11} .

Obviously the “left” and “right” pseudovector couplings differ by complex phases which are determined by the resonance width. These phases are relevant to interference terms, which are important for calculating threshold meson production processes at high momentum transfers, in which different resonances are excited by one collision of e.g. protons and nuclei (→ correlations). One process, which is very sensitive to interference terms, is the proton induced η-production at threshold. As this process is dominated by the excitation of just one resonance (S_{11}(1535)), the phases discussed in the model above can only be measured, if the resonance is excited by a nonlocal interaction and deexcited by a local interaction (and vice versa), or if the selfenergy of the resonance is treated to be not constant, but energydependent. A remarkable feature of the full effective field theoretic model is that unitarity is guaranteed, although the coupling constants can have arbitrary complex values, which are related to the self-energies of the resonances. This property should be not too surprising, as from renormalization theory it is well known, that not only the mass has to be renormalized, but also the coupling constants. A special feature of resonance effective degrees of freedom is, that not only the self energies are complex, but also the couplings. It is not clear, whether a bosonization procedure applied to an elementary non abelian theory like QCD will lead only to effective degrees of freedom, which have real self energies like the nucleon. The presented model shows, that resonant degrees of freedom are also compatible with the requirement of unitarity.

Finally one should mention a very subtle point for discussion, which has to be solved consistently within such an effective, non local field theoretical model: as the interaction between nucleons and mesons can generate resonances as poles of the S-matrix in the complex energy plane, one has to make clear – to avoid double counting –, in what way the effective resonant degrees of freedom in the model above have to be interpreted.

A detailed discussion of the full model will be given in [2]. The first, rough introduction can be found in [3].

REFERENCES

[1] Lecture Notes in Physics, 211 Proc. of the workshop “Resonances – Models and Phenomena”, Bielefeld, April 9-14, 1984, ed. S. Albeverio, L.S. Ferreira, L. Streit, Springer-Verlag, Berlin, Heidelberg 1984.

[2] F. Kleefeld, Doctoral Thesis, Univ. Erlangen-Nürnberg, Germany, 1999.

[3] F. Kleefeld, nucl-th/9811032, to be published in the Proceedings of the “XIV Int. Seminar on High Energy Physics Problems (ISHEPP 98)”, August 17-22, 1998, JINR, Dubna, Russia.