acta physica slovaca vol. 49 No. 2, 215 Ű 229 April 1999

ARE THE PRODUCTION AND DECAY OF A RESONANCE ALWAYS INDEPENDENT?^∗

Peter Lichard^{12} Institute of Physics, Silesian University, 746-01 Opava, Czech Republic and Department of Physics and Astronomy, University of Pittsburgh, Pittsburgh, Pennsylvania 15260

Received 12 November 1998 in ^nal form 1 February 1999, accepted 2 February 1999

The widely accepted assumption that the decay of a resonance proceeds independently of its production, quantitatively expressed as a factorizing formula for the differential cross section in the invariant mass of unpolarized resonance debris, is put under scrutiny. It is shown that the factorization is always valid for scalar and pseudoscalar resonances, although the usual version of the formula is not entirely correct. For resonances with nonzero spins the factorization does not generally take place. We deal in more detail with the spinŰone case, where we show a condition on the decay matrix element that ensures the validity of the same factorizing formula as in the spinless case. This condition is satis^ed for ρ ! ππ but not, e.g., for K� ! πK or a1 ! πρ. The formalism is applied also to the case when the resonance is produced not in twoŰbody collisions but in the decay of a heavier particle or resonance (chain decay). Application of our formulas to the e^+e� production in oneŰ photon approximation agrees with what is known from quantum electrodynamics and thus provides another test of their soundness.

PACS: 13.30.Eg, 13.40.-f

1 Introduction

It has been conjectured from the early sixties (see, e.g., [1, 2]) that a process in which some of the ^nal state particles, let us say a and b, appear as decay products of a resonance R can be viewed as a sequence of two independent steps: (i) a reaction in which the resonance (treated as a stable particle with mass M) together with other ^nalŰstate particles is produced; (ii) the decay of the resonance, R → a + b.^3 This notion has been expressed quantitatively by factorizing the cross section for producing the ^nal system that includes resonance decay products

�_{Dedicated to Jťan Pi“sťut on the occasion of his 60th birthday.}

1On leave of absence from Department of Theoretical Physics, Comenius University, 842-15 Bratislava, Slovak Republic.

2E-mail address: lichard@phyast.pitt.edu 3We will consider only twoŰbody decay modes to keep the notation transparent. Our conclusions are valid for any decay mode.

0323-0465/99 cfl Institute of Physics, SAS, Bratislava, Slovakia 215

(integrated over the angles in their common rest frame) with the invariant mass from interval (M, M + dM) as the product of the cross section for producing the resonance with a (generally ŞoffŰshellŤ) mass M and a function describing its decay [3] dσ_{ab} = dσ_R(M) [ π^{−1}M_0Γ_{R→a+b}(M) (M^2_0 − M^2)^2 + M^2_0 Γ^2(M) ] dM^2 . (1)

Here, M_0 is the nominal mass of the resonance, Γ_{R→a+b}(M) is the partial decay rate, and Γ(M) is the mass dependent total decay width.

We will argue in what follows that this formula is a little incorrect. The correct formula, which will be derived in Sec. 2, contains M instead of M_0 in the numerator.

For the oneŰdecayŰmode resonances, the numerator and denominator in (1) contain the same Γ(M). The latter quantity was treated differently by different authors. Jackson [1] related it to the decay rate of the resonance, which can be expressed in terms of the SŰmatrix element and evaluated if the interaction Lagrangian among the resonance and its decay products is postulated. On the contrary, Pi“sťut and Roos [2], who dealt with the ρ(770) resonance, considered Γ(M) a phenomenological object which can and should be determined by ^tting the experimental data.

The idea of the cross section factorization arose in the isobaric nucleon model [4, 5]. Although Eq. (1) has never been proven generally, it has widely been accepted and heavily used because it matches the natural physical expectation. As far as we know, it was ^rst introduced in its one-mode version in [6], as a generalization based on the cross sections for several reactions evaluated in the lowest order of the perturbation expansion using simple Lagrangians [7, 8, 9].

An attempt to prove Eq. (1) was done in the textbook [3]. Unfortunately, as we show below, in a not fully correct way and, because of the choice of the propagator, only for spinless resonances.

In this paper we show that the factorization of the cross section in the sense of Eq. (1) is not as trivial as the naive physics intuition suggests and that it is not valid generally. We prove that for the spinless resonances the cross section really factorizes, although the correct formula differs a little from (1). For spinŰone resonances we get the factorizing formula only if an additional assumption is made about the matrix element for the R → a + b decay. This assumption represents a severe constraint that excludes many wellŰknown resonances (K^∗ and a_1, for example).

The motivation for this study was twofold, experimental and theoretical. On the experimental side, there is a longstanding unresolved discrepancy between the parameters of the a_1 resonance determined from the τŰlepton decay on one side and from hadronic production processes on the other, see [10], p. 380. It is true that the experimentally observed invariant mass spectrum of the decay products may be in~uenced by the resonance mass dependence of the production cross section already in the case when the factorization takes place. But the discrepancy among the observed widths of a_1 is too big, which casts doubts on the validity of the general assumption that the decay of a resonance is independent of the way the resonance has been produced.

Also the mass spectrum of the Kπ system resulting from the K^∗ decay was found to be process dependent (see [11] and literature cited there). But if the factorization in the sense of (1) is correct and the smooth factor dσ_R(M) is properly parametrized this dependence should not affect the values of resonance parameters M_0 and Γ(M_0) determined by ^tting to the experimental data. It is the very essence of the factorization hypothesis that the resonance part of the cross section formula is process independent, and all the properties of the resonance production mechanism are hidden in dσ_R(M).

On the theoretical side, many papers have appeared that calculated the cross sections and decay rates of the processes in which a meson resonance emerges as one of the ^nal state particles. What follows are a few examples rather than the complete list: ϕ → ρπ [12, 13], D(1285), E(1420) → ρππ, D → a_1π, K_1 → K^∗ππ [12], η^′ → ργ [14], ππ → ργ [15], a_1 → ρπ [16, 17, 18], f_2 → ργ, ρππ [19], K_1 → Kρ, b_1 → πω [18]. In these calculations, the outgoing resonances were treated as stable particles with sharp masses. It is not clear to what extent such an approximation is justi^ed. It is obvious that it cannot give reliable results in cases when the available phase space is small due to a close proximity to the kinematic threshold. A typical example is K_1 → Kρ, where the available energy is less than 10 MeV, much smaller than the widths of participating resonances. There is also at least one case in which the sharp resonance mass approach is not applicable at all, namely the K_1(1270) → Kω decay. This decay has a relatively big branching ratio (11.0 ± 2.0)% [10] although the nominal mass of the K_1 resonance is less than the sum of the K and ω masses.

In simple processes that do not suffer from severe phase space limitation there is no obvious reason for disregarding the sharp resonance mass method. The question of how well the method works under those circumstances naturally arises. Answering it by comparing with experimental data is usually impossible not only because of nonexistent or statistically limited data but also because additional theoretical assumptions are usually made simultaneously. Thus only one way remainsŰto compare the sharp resonance mass method with a more complete calculation that involves also the last stepŰthe conversion of the produced resonance to the hadrons that are really observed experimentally. Of course, the calculation involving this step is more dif^cult. But if the factorization takes place there is no need to go through the complete procedure for each process considered. We only need to know the decay rate or cross section for producing the resonance with arbitrary mass in the sharp mass approximation. The conversion of the resonance to its decay products is then described by a simple universal (independent of the dynamics of the production process) function. This simpli^es the evaluation of some of the processes mentioned above greatly.

The paper is organized as follows: In Sec. 2 we present the derivation of the factorizing relation for the cross section in the spinless case and show a suf^cient condition under which it is valid also for unit spin resonances. Processes in which a resonance itself appears as a decay product are dealt with in Sec. 3. Sec. 4 is devoted to the connection of our formalism with methods used in quantum electrodynamics. In Sec. 5 we investigate how is the factorization condition for spin-one resonances ful^lled in some important cases. Our main conclusions are summarized and commented upon in Sec. 6.

2 Derivation of the cross section formula

2.1 Generalities

Let us consider a twoŰbody reaction (see Fig. 2.1)

Fig. 2.1. Feynman diagram of the reaction 1 + 2 ! a + b + X under the assumptions stated in Sec. 2.1. Symbols A and B are used in Sec. 2.3.

1 + 2 → a + b + X (2)

with particles a and b originating from the decay of a resonance R and X representing the system of n other outgoing particles. We will assume that none of the latter is identical with either a or b. We will be interested in the cross section for producing the (a, b) system with ^xed invariant mass M, M^2 = (p_a + p_b)^2, and ^xed threeŰmomentum P = p_a + p_b. For a and b the sum over the spin states is assumed together with integration over the momenta in their common rest frame.

Concerning the particles from the XŰsystem, we will write our formulas for the cross section integrated over their momenta and summed over their spin states. But our conclusions would remain unchanged if we opted for a more detailed differential cross section. For simplicity, we will not display the dependence of matrix elements on momenta and polarizations of particles from the XŰsystem and will use the simpli^ed notation λ_X for the complete set of their polarization indices. For reader’s convenience we start with the general cross section formula dσ = (2π)^4 4F |M|^2 δ^{(4)}(p_1 + p_2 − ∑ i p_i) ∏ i d^3p_i (2π)^32E_i

, (3)

where the sum and product run over the ^nal state particles and F = E_1E_2 |v_1 − v_2|.^4 Using (3) and

2E δ(M^2 − (p_a + p_b)^2) δ(P − p_a − p_b) = δ^{(4)}(P − p_a − p_b) (4)

it is easy to show that the cross section of reaction (2) we are dealing with is given by E dσ_{ab} dM^2d^3P = 1 32π^2F ∫ ∑ λ_X ,λ_a,λ_b |M_{ab}|^2 δ^{(4)}(p_1 + p_2 − P_X − P ) (5)

4This formula is more general than that given in [10]. The latter applies only to headŰon collisions [20], in which F = p1_{cm}ps = m2p1_{lab}.

Fig. 2.2. Feynman diagram of the reaction 1 + 2 ! R(M) + X. Symbol A is used in Sec. 2.3.

× δ^{(4)}(P − p_a − p_b) d^3p_a 2E_a d^3p_b 2E_b dΦ_X , where

dΦ_X = ∏ i∈X d^3p_i (2π)^32E_i

. (6)

For further considerations it is necessary to introduce the sharp mass approximation. We de^ne a particle R(M) with the quantum numbers identical to those of the resonance R, but with a ^xed mass M, which may be different from the nominal resonance mass M_0. The cross section of the reaction

1 + 2 → R(M) + X , (7)

in which the unpolarized R(M) with momentum P is produced (see Fig. 2.2), is given by E dσ_R(M) d^3P = π 4F ∫ ∑ λ_X ,λ_R |M_R|^2 δ^{(4)}(p_1 + p_2 − P_X − P )dΦ_X (8)

Now, let us turn to the decay R(M) → a + b , (9) depicted in Fig. 2.3. The general formula for the differential decay rate of a particle with mass M into n daughter particles reads [10]

dΓ =

(2π)^4 2M |M|^2 δ^{(4)}(P − n∑ i=1 p_i) n∏ i=1 d^3p_i (2π)^32E_i

. (10)

On the basis of it we can write the decay rate of (9) averaged over the spin states of R(M) and summed over the ^nal state ones as

Fig. 2.3. Feynman diagram of the decay R(M) ! a + b. Symbol B is used in Sec. 2.3.

Γ_{R→a+b}(M) = 1 8(2J_R + 1)Mπ^2 ∫ ∑ λ_R ,λ_a,λ_b |M_D|^2 (11)

× δ^{(4)}(P − p_a − p_b) d^3p_a 2E_a d^3p_b 2E_b . Here, J_R denotes the spin of the resonance and M_D is the corresponding matrix element.

2.2 Formula for spinless resonances

For a scalar or pseudoscalar resonance the matrix element for reaction (2) is given by

M_{ab} = M_RP(P )M_D , (12)

where the propagator of the spinŰzero resonance is written in the form^5

P(P ) = i P^2 − M^2_0 + iM_0Γ(P^2)

(13)

to which the bare propagator of spinless particle develops after convoluting with one-particle-irreducible bubbles and summing over all such diagrams. Substitution of (12) into (5) gives E dσ_{ab} dM^2d^3P = |P(P )|^2 32π^2F ∫ ∑ λ_X |M_R|^2 δ^{(4)}(p_1 + p_2 − P_X − P )dΦ_X

× ∫ ∑ λ_a ,λ_b |M_D|^2 δ^{(4)}(P − p_a − p_b) d^3p_a 2E_a d^3p_b 2E_b 5We will change notation of Γ(P 2) to Γ(M) later on.

The integrals can be expressed in terms of observable quantities using (8) and (11) with J_R = 0 and no summing over λ_R. The result is E dσ_{ab} dM^2d^3P = E dσ_R(M) d^3P [ π^{−1}MΓ_{R→a+b}(M) (M^2_0 − M^2)^2 + M^2_0 Γ^2(M) ] . (14)

Our formula (14) differs from the formula (1) used in analysing the resonance production experiments up to now. The ^xed M_0 in numerator is replaced by variable M. To localize the source of discrepancy we went through the derivation in textbook [3]. We suspect that the factor m_d in the rightŰhand side of Eq. (8.7) on p. 166 should be replaced by s^{1/2}_d (there is no other m_d, either explicit or hidden, in that equation). After this modi^cation, Eq. (1) agrees with (14).

2.3 Case of spinŰone resonances The matrix element of the decay (9) can be written as

M_D(P, λ_R) = B_ν (P )ϵ^ν (P, λ_R) , (15) where P is the fourŰmomentum of the resonance R(M) and ϵ(P, λ_R) is its polarization vector. The fourŰvector B re~ects the dynamics of the Rab interaction. We suppressed the momenta and possible polarization indices of particles a and b. The sum of the matrix elements squared over possible spin states of the resonance, which enters the formula for the decay rate of unpolarized R(M)’s, yields ∑ λ_R |M_D(P, λ_R)|^2 = − ( g^{νν} 0 − P^ν P^ν 0 M^2 ) B_ν (P )B^∗_ν0(P ) . (16)

With its help we can cast the decay rate formula (11) into Γ_{R→a+b}(M) = 1 24Mπ^2 ( g^{νν} 0 − P^ν P^ν 0 M^2 ) T_{νν}0(P ) , (17)

where we have de^ned the tensor

T_{νν}0(P ) = ∫ ∑ λ_a,λ_b B_{νν}0(P ) δ^{(4)}(P − p_a − p_b) d^3p_a 2E_a d^3p_b 2E_b (18)

with B_{νν}0 = − ∑ λ_a,λ_b B_ν B^∗_ν0 . (19)

The tensor (18) cannot depend on anything else but four-vector P because p_a and p_b are integrated out and the sum over spin states is performed.

Similarly, writing the matrix element for the reaction (7) in the form M_R(P, λ_R) = A_μ(P )ϵ^μ(P, λ_R) , (20) we arrive at the following cross section formula E dσ_R(M) d^3P = π 4F ( g^{μμ} 0 − P^μP^μ 0 M^2 ) (21) × ∫ ∑ λ_X ( −A_μA^∗_μ0 ) δ^{(4)}(p_1 + p_2 − P_X − P ) dΦ_X

Now we are ready to attack the formula for the cross section of the reaction (2). The matrix element of the latter is given by

M_{ab} = A_μP^{μν} (P )B_ν , (22) where P^{μν} is the propagator of the spinŰone resonance. Following [21] we write it near the resonance mass (P^2 ≈ M^2_0 ) as P^{μν} (P ) = −i g^{μν} − w(P^2)P^μP^ν /P^2 P^2 − M^2_0 + iM_0Γ(P^2)

. (23)

The scalar function w(P^2) re~ects the properties of the oneŰparticleŰirreducible bubble. Fortunately, as we will see, under the assumption that enables us to write formula (14) also in the spinŰone case, the term containing it will not contribute.

Making use of (22) we may rewrite (5) into the form E dσ_{ab} dM^2d^3P = 1 32π^2F P^{μν} (P )P^{∗μ} 0_ν0

T_{νν}0 (24) × ∫ ∑ λ_X ( −A_μA^∗_μ0 ) δ^{(4)}(p_1 + p_2 − P_X − P )dΦ_X (25)

Without further assumptions, the rightŰhand side cannot be converted into a simple product of two factors, one describing the production of a resonance, the other its decay.

To proceed further let us assume that, as a result of a special dynamics of the R → a + b transition, the tensor T_{νν}0(P ), de^ned in (18), satis^es the relations

P^ν T_{νν}0(P ) = T_{νν}0(P )P^ν 0 = 0 . (26) These relations may be connected with conservation of some quantities, but their physical meaning varies from case to case. For example, in quantum electrodynamics they are a consequence of the gauge invariance and hence also the charge conservation. As an immediate consequence of our assumption we can simplify (24) to E dσ_{ab} dM^2d^3P = 1 32π^2F |P(P )|^2 T^{μμ} 0 (27) × ∫ ∑ λ_X ( −A_μA^∗_μ0 ) δ^{(4)}(p_1 + p_2 − P_X − P ) dΦ_X ,

where P(P ) is given by Eq. (13). Condition (26) also signi^es that the tensor T^{μμ} 0 can be represented as T^{μμ} 0 (P ) = ( g^{μμ} 0 − P^μP^μ 0 M^2 ) T (M^2) , (28)

Fig. 3.1. Feynman diagram of the decay 1 ! a + b + X.

where T is a scalar function of M^2 = P^2. It can be determined from

T (M^2) = 1 3 g^{νν} 0 T_{νν}0(P ) . (29)

The result is

T (M^2) = 8Mπ^2Γ_{R→a+b}(M) . (30) After inserting (28) with (30) into (27) and using (21) we complete the proof that our central formula (14) is valid also for spin-one resonances if condition (26) is satis^ed.

For practical calculations it is good to notice that if the condition (26) is ful^lled then the decay rate can be calculated from a simpler formula following from (17), namely Γ_{R→a+b}(M) = 1 24Mπ^2 ∫ g^{νν} 0 B_{νν}0 δ^{(4)}(P − p_a − p_b) d^3p_a 2E_a d^3p_b 2E_b . (31)

Let us also note that it follows from (26) that

P^ν P^ν 0 T_{νν}0 = 0 . (32) This formula thus represents the necessary condition for (26) be ful^lled.

3 Resonances as decay products

In this section we deal with the case when a resonance R appears itself as one of the decay products of a heavier particle or resonance and then converts to stable particles (see Fig. 3.1). We again call a and b the debris of the resonance R. On the basis of (10) and (4) we write the following formula for the differential decay rate E dΓ_{1→a+b+X} dM^2d^3P = 1 16Mπ^2 ∫ ∑ λ_X ,λ_a,λ_b |M_{ab}|^2 δ^{(4)}(p_1 − P_X − P ) (33)

× δ^{(4)}(P − p_a − p_b) d^3p_a 2E_a d^3p_b 2E_b dΦ_X ,

Fig. 3.2. Feynman diagram of the decay 1 ! R(M) + X.

which is a decay analogue of Eq. (5). The rate of the decay in which the unpolarized sharp-mass resonance R(M) is produced, see Fig. 3.2, reads as E dΓ_{1→R+X} (M) d^3P = π 2M ∫ ∑ λ_X ,λ_R |M_R|^2 δ^{(4)}(p_1 − P_X − P )dΦ_X (34)

Repeating steps performed in Sec. 2 we can easily check that the following relation between the decay rates of 1 → a + b + X (Fig. 3.1) and 1 → R(M) + X (Fig. 3.2) holds E dΓ_{1→a+b+X} dM^2d^3P = E dΓ_{1→R+X} (M) d^3P [ π^{−1}MΓ_{R→a+b}(M) (M^2_0 − M^2)^2 + M^2_0 Γ^2(M) ] . (35)

This relation is valid for all scalar and pseudoscalar resonances and for such decays of intermediate spin-one resonances that satisfy condition (26). Again, spins of the parent particle 1, of the particles from the X system, and of particles a and b are not important, but the sum over the a and b polarizations must be performed.

4 Application to quantum electrodynamics

Up to now we have spoken about shortŰlived hadronic resonances in intermediate states of reactions and decays. But in the derivation of our key formulas (14,35) what was important was the structure of Feynman diagrams, not the type of interactions that cause the production and decay to happen. Our results can be applied to all strong, electromagnetic and weak processes with the same pattern of Feynman diagrams.

In this section we are going to show that the so called invariant integration method, which was often used for the cross section calculations in quantum electrodynamics [22], follows from our approach as a special case.

Let us consider a reaction in which a pair of oppositely charged leptons is produced in oneŰ photon approximation. See Fig. 2.1 with R → γ, a → e^+, b → e^−. The reaction can be viewed

Fig. 4. Feynman diagram of the ŞmassiveŤ photon decay to an e^+e� pair.

as a two step process: (i) the production of a massive photon with mass M, which is different from its ŞnominalŤ mass M_0 = 0; (ii) the decay of that massive photon, which is described by Feynman diagram depicted in Fig. 3. The decay matrix element is given by Eq. (15) with

B_ν = eu_{λb} (p_b)γ_ν v_{λa} (p_a) . (36)

Quantity (19) now becomes (m is the electron mass)

B_{νν}0 = 2e^2 ( m^2g_{νν}0 − 2p_{aν} p_{bν}0 − 2p_{bν} p_{aν}0 ) (37)

and vanishes when contracted with P^ν or P^ν 0 . This guarantees that the condition (26) is ful- ^lled and we may use Eqs. (14), (35), and (31). The contraction of (37) with metric tensor yields the constant 4(M^2 + 2m^2). What remains to calculate in (31) is the wellŰknown twoŰparticle phaseŰspace integral ∫ d^3p_a 2E_a d^3p_b 2E_b δ^{(4)}(P − p_a − p_b) = π 2 √ 1 − 4m^2 M^2

. (38)

Putting everything together we are getting the following decay rate of the massive photon to an e^+e^− pair

Γ_{γ(M)→e}+_e� = αM 12 ( 1 + 2m^2 M^2 ) √ 1 − 4m^2 M^2

, (39)

where α = e^2/4π is the ^ne structure constant. If we now explore our factorizing formula with the photon mass M_0 = 0 we are getting the wellŰknown QED relation [22] E dσ_e+_e� dM^2d^3P = E dσ_{γ(M)} d^3P α 3πM^2 ( 1 + 2m^2 M^2 ) √ 1 − 4m^2 M^2

. (40)

Let us note that if we had used the usual factorizing formula (1) instead of our Eq. (14) we would not have obtained (40), but zero.

5 Spin-one resonances and their decays

In this section we are going to investigate vector and axial-vector mesons and their main decay modes to see whether they satisfy the condition that ensures the factorization of the cross section (14) and decay rate (35).

5.1 Vector resonance decaying to two pseudoscalar mesons

The charge-invariant interaction among a vector ^eld and two pseudoscalar ^elds is described by the Lagrangian density L_{V P P} = ig 2 Tr ( V^μϕ^†_1^↔∂_μ ϕ_2 ) + h.c., (41)

where V is the matrix in isospin space of vector ^eld operators and ϕ_1 and ϕ_2 are those of pseudoscalar ^elds. Evaluation of the decay matrix element provides it in the form (15) with

B_ν = c (p_{aν} − p_{bν} ) , (42)

where p_a and p_b are the fourŰmomenta of outgoing mesons and c includes the coupling constant g and possible constants arising from the isospin structure of (41). Contraction of (42) with the fourŰmomentum of the parent vector meson gives

P^ν B_ν = c ( m^2_a − m^2_b ) . (43)

For ^nalŰstate mesons with equal masses we have P^ν B_ν = 0, what immediately implies that the factorization condition (26) is satis^ed. For unequal masses we proceed further and get

P^ν P^ν 0 T_{νν}0(P ) = −c^2π |p^∗_a| ( m^2_a − m^2_b

)_2 . (44)

The momentum in the decay rest frame was marked by asterisk. It is clear from (44) that the factorization condition (26) cannot be ful^lled for unequal masses of pseudoscalar mesons.

We have just shown that the factorization formula can be used for the ρ → ππ decay, but not for decays of vector mesons to a pair of unequally heavy pseudoscalar mesons, e.g., K^∗ → Kπ.

5.2 Axial-vector resonance decaying to vector and pseudoscalar mesons

The most general Lagrangian for interaction among the axial-vector (R), vector (a), and pseudoscalar (b) mesons consists of three parts. For simplicity and because some authors used simpler Lagrangians consisting of one of those terms only, we will study these parts individually. For simplicity, we consider A, V , and ϕ as ^eld operators of individual particles. We also introduce a shorthand notation for the polarization vector of the vector particle ϵ_a = ϵ(p_a, λ_a).

In one of the ^rst papers about the a_1 resonance in the τ-lepton decay [23] the following Lagrangian was used:

L = gA^†_μV_μ + h.c. (45)

Four-vector B, de^ned by (15), is now proportional to the polarization vector of the vector meson

B_ν = gϵ_{aν} . (46)

After a little algebra we obtain

P^ν P^ν 0 B_{νν}0 = g^2 4m^2_a λ(M^2, m^2_a, m^2_b ) , (47)

where we have introduced the triangle function λ(x, y, z) = x^2 + y^2 + z^2 − 2xy − 2xz − 2yz. This result implies that the expression P^ν P^ν 0 T_{νν}0 must acquire a nonvanishing constant value, what leads to violation of (32). Condition (26) cannot therefore be satis^ed.

Another possibility of a simple Lagrangian, which corresponds to the vertex factor used, e.g., in [16], is L = gA^†_α ( ∂V^α ∂x_β − ∂V^β ∂x_α ) ∂ϕ ∂x^β + h.c. (48)

It leads to

B_ν = g [(p_ap_b) ϵ_{aν} − (p_bϵ_{aν} ) p_{aν} ] . (49)

Because the quantity

P^ν P^ν 0 B_{νν}0 = g^2 4 λ(M^2, m^2_a, m^2_b ) (50)

comes out nonvanishing, we conclude, as in the previous case, that the factorization cannot take place.

Finally, from the Lagrangian L = g ∂A^†_α ∂x^β ( ∂V^α ∂x_β − ∂V^β ∂x_α ) ϕ + h.c. (51)

it follows that

B_ν = g [(p_aP ) ϵ_{aν} − (P ϵ_a) p_{aν} ] . (52)

Now we have P^ν B_ν = 0 and the condition (26) for formula (14) being valid is satis^ed.

Lagrangian (51), which is the only Lagrangian leading to factorizing cross section for the production of an axial-vector resonance decaying to a vector meson and a pseudoscalar meson, was utilized, for example, in meson exchange model for πρ scattering [24].

Unfortunately, there is strong theoretical [12, 25] and phenomenological [26] evidence that the correct Lagrangian for the a_1ρπ system must contain at least two terms of those we have studied. This hampers the factorization of the cross section and makes the use of formulas (14) and (35) impossible.

6 Comments and conclusions

We have shown that the usual phenomenological way of describing the invariant mass spectrum of the resonance decay products is not fully correct in two respects.

Firstly, the ^eld theory derivation leads to a factorizing formula for the cross section that is a little different from that used so far. The difference may not be very important from the pragmatic point of view because in the close vicinity of the resonant mass the corrections are small. For masses far from the resonant mass both formulas lose validity anyhow because so do the expressions for resonance propagators [Eqs.(13) and (23)]. The validity of our formula has been con^rmed independently by applying it to a class of electromagnetic processes in which a pair of oppositely charged leptons (or quarks) is produced.

The second aspect is more important. We have argued that in some cases one cannot use a factorizing formula at all. A suf^cient condition for the factorization taking place was shown (26) for vector and axialŰvector resonances. This condition is not satis^ed, e.g., for K^∗ → K + π and a_1 → ρ + π decays.

In this connection a more general question arises how to de^ne the mass and width of a resonance in the situation when a factorizing formula cannot be used. The usual procedure of choosing the resonance production cross section as a fewŰparameter smooth formula and ^tting the mass and width entering the resonance decay part of (14) is not applicable any longer. We must use a more complete model for the matrix element of the whole process spanning from the initial state to the ^nal state containing stable hadrons which are directly observed in the experiment. The mass and width of a resonance thus enter the ^nal mass spectrum formula in a way that is both different from Eq. (14) and model dependent. In simple cases, when partial wave amplitudes can be determined, one may certainly turn for help to analytic methods and de^ne the resonance parameters by means of the position of a pole in the complex s = M^2 plane. But this can be done very rarely due to the complexity of ^nal states in contemporary high energy experiments.

In addition to these two problems, which we addressed in this paper in some detail, there is another one, more general, but also ignored very often. It is the problem of the interference of diagrams when a particle is produced both in the resonance decay and by other mechanisms. Its effect may be disastrous and it would be very useful to study the justi^cation of the resonance formula in such an environment at least in some simple examples. One study of this kind was done a long time ago [5] and showed that the interference modi^ed radically the mass spectrum in isobaric nucleon model.

All this puts forward a question whether it has sense to de^ne the mass and width of some resonances (a_1, for example) as unique parameters, independently of the process the resonance takes part in. We suspect that the parameters of the resonance which does not satisfy the factorizing condition have a well-de^ned meaning only if accompanied by the speci^cation of the production process in which they were measured and by the formula which was used to ^t the experimental data.

Acknowledgements This work was done under the Grant Agency of the Czech Republic contract No. 202/98/0095. It was completed during the author’s visit to CERN, which was supported by the CERN Theory Division and by the Czech Committee for Collaboration with CERN.

References

[1] J.D. Jackson: Nuovo Cimento 34 (1964) 1544 [2] J. Pi“sťut, M. Roos: Nucl. Phys. B 6 (1968) 325 [3] H.M. Pilkuhn: Relativistic Particle Physics, Springer-Verlag New York Inc., 1979;

Resonance production and decay 229

[4] S.J. Lindenbaum, R.B. Sternheimer: Phys. Rev. 105 (1957) 1874 [5] S. Bergia, F. Bonsignori, A. Stanghellini: Nuovo Cimento 16 (1960) 1073 [6] B. Jouvet, J.-M. Abillon, G. Bordes: Phys. Lett. 6 (1963) 273 [7] G. Bordes: Comptes Rendus Acad. Sci. Paris 256 (1963) 612 [8] G. Bordes, B. Jouvet: Comptes Rendus Acad. Sci. Paris 257 (1963) 1007 [9] J.-M. Abillon: Comptes Rendus Acad. Sci. Paris 257 (1963) 1011 [10] C. Caso et al. (Particle Data Group): Eur. Phys. J. C 3 (1998) 1 [11] A. Bellogianni et al. (WA77 Collaboration): Z. Phys. C 61 (1994) 371 [12] H. Gomm, ĺO. Kaymakcalan, J. Schechter: Phys. Rev. D 30 (1984) 2345 [13] C. Song, C.M. Ko: Phys. Rev. C 53 (1996) 2371 [14] J.W. Durso: Phys. Lett. B 184 (1987) 348 [15] J. Kapusta, P. Lichard, D. Seibert: Phys. Rev. D 44 (1991) 2774 [16] L. Xiong, E.V. Shuryak, G.E. Brown: Phys. Rev. D 46 (1992) 3798 [17] C. Song: Phys. Rev. C 47 (1993) 2861 [18] K. Haglin: Phys. Rev. C 50 (1994) 1688 [19] M. Suzuki: Phys. Rev. D 47 (1993) 1043 [20] L.D. Landau, E.M. Lifshitz: The Classical Theory of Fields, Pergamon Press, 1962; [21] N. Isgur, C. Morningstar, C. Reader: Phys. Rev. D 39 (1989) 1357 [22] V.N. Baier, V.A. Khoze: J. Exptl. Theoret. Phys. 48 (1965) 946 V.N. Baier, V.A. Khoze: Sov. Phys.

JETP 21 (1965) 629 V.N. Baier, V.M. Katkov, V.S. Fadin: Radiation from Relativistic Electrons, Atomizdat, 1973; pp. 113-128 (in Russian);

[23] T.N. Pham, C. Roiesnel, T.N. Truong: Phys. Lett. B 78 (1978) 623 [24] G. Janssen, K. Holinde, J. Speth: Phys. Rev. C 49 (1994) 2763 [25] P. Ko, S. Rudaz: Phys. Rev. D 50 (1994) 6877 [26] S. Gao, C. Gale: Phys. Rev. C 57 (1998) 254