arXiv:hep-ph/0108190 23 Aug 2001

IPPP/01/35 DCPT/01/70 August 2001

NON-FACTORIZABLE CORRECTIONS AND EFFECTIVE FIELD THEORIES

A.P. Chapovsky, V.A. Khoze, A. Signer and W.J. Stirling

Institute for Particle Physics Phenomenology University of Durham Durham, DH1 3LE, England

ABSTRACT

We analyze the structure of higher-order radiative corrections for processes with unstable particles. By subsequently integrating out the various scales that are induced by the presence of unstable particles we obtain a hierarchy of effective field theories. In the effective field theory framework the separation of physically different effects is achieved naturally. In particular, we automatically obtain a separation of factorizable and non-factorizable corrections to all orders in perturbation theory. At one loop this treatment is equivalent to the double-pole approximation (DPA) but generalizes to higher orders and, at least in principle, to beyond the DPA. It is known that one-loop non-factorizable corrections to invariant mass distributions are suppressed at high energy. We study the mechanism of this suppression and obtain estimates of higher-order non-factorizable corrections at high energy.

1 Introduction

An important area in the physics programme of a future electron-positron linear collider (LC) belongs to the detailed studies of the pair production of heavy unstable particles (W and Z bosons, top quarks, SUSY particles, etc.) [1]. One of the main goals of these measurements is the high precision determination of their parameters, primarily their masses.

In recent years there has been a growing interest in high energy photon colliders (see e.g. [2]), which in some cases offer certain advantages over the e^+e^− collisions in the exploration of the unstable particles, see for example [3]. Pairs of unstable particles can also be produced in hadron collisions at the Tevatron and LHC. All these studies would allow a variety of detailed tests of the Standard Model to be performed, both in the electroweak and in the strong interaction sectors. This, in turn, requires very accurate theoretical knowledge of the production and decay mechanism and of interference effects between them. This interference is caused by the large width, Γ, of many of these objects. The widths of the W , Z and t are all of the order of 2 GeV, and many supersymmetric and other beyond-the-Standard-Model particles would also have widths in the GeV range.

Although many results of this paper are applicable to the non-relativistic case as well, we concentrate on relativistic and ultra-relativistic energy regimes. In the center-of-mass frame the physical picture of processes involving unstable particles can be viewed as a consequence of several subprocesses. First the unstable particles are produced during a short time scale O(1/E). Then during a large proper time, ∼ 1/Γ, they separate from each other on a large distance, ∼ 1/Γ · E/M. Finally, they decay during a short time, ∼ 1/E, into their decay products. Here, E, M and Γ are the energy, mass and width of the unstable particle respectively. If E^2 ≫ MΓ, the production and decay subprocesses are well separated from each other. The so-called pole-scheme [4] is a framework which makes use of the presence of two scales in the problem by expanding the amplitudes in Γ/M. In particular, one can keep only the leading terms, neglecting all the terms suppressed by powers of Γ/M. In the case of pair production of unstable particles such an approximation is usually called the double-pole approximation (DPA). The DPA guarantees gauge invariance of the calculation and simplifies it significantly. The DPA allowed the calculation of the full O(α) electroweak corrections to the pair production of W and Z bosons in e^+e^− collisions [5]. It is essential for the DPA that unstable particles are close to resonance and that E^2 ≫ MΓ. This is also the regime which we will specialize to throughout this paper.

Within the DPA at one loop one can readily classify the radiative effects into two types: factorizable, which act inside the separate hard subprocesses (production and decay); and nonfactorizable, which interconnect various hard subprocesses. Depending on the subprocesses they interconnect, the non-factorizable corrections can be of two types: decay-decay and productiondecay. The non-factorizable corrections are believed to to be an important ingredient of the theoretical predictions. In particular, they affect the measurement of the mass of the unstable particle. They have been a subject of intensive study recently, see for example [3], [6]-[21].

The properties of perturbative non-factorizable corrections depend crucially on the level of

“inclusiveness” of the distributions. The distributions can be of three distinct types. For virtual corrections only two of them are relevant: invariant mass and angular distributions. Since real gauge-boson (photon, gluon) radiation contributes to the non-factorizable corrections as well one can consider additional distributions where the non-factorizable real radiation is added and an integration over the real emission phase space is performed. At one loop in QED the non-factorizable corrections to the distributions inclusive in real photon and invariant mass are suppressed by at least αΓ/M, [10, 11]. In [10] general arguments are given indicating that this should still be the case at higher loops. As a consequence, for a particular class of the one-loop non-factorizable corrections (initial-final state interferences) the virtual contribution is cancelled by the real emission even for the distributions exclusive in the invariant mass. In [12] a first calculation of one-loop non-factorizable corrections exclusive in invariant mass but inclusive in real radiation was performed. In [13, 14] the one-loop non-factorizable corrections were calculated for completely exclusive distributions. Although the latter calculations were originally performed for pair production of W bosons, the results were applied also to other cases, for example to one-loop QCD non-factorizable corrections in top-quark pair production [15] and to one-loop QED non-factorizable corrections to the pair production of Z bosons [16].

Even though one-loop non-factorizable corrections are extensively studied by now, almost nothing is known about the higher-loop non-factorizable effects. An explicit calculation of twoloop non-factorizable corrections is well beyond present capabilities. Even a precise definition of higher-loop non-factorizable corrections is lacking at present. Higher-order non-factorizable corrections can be quite important, especially in QCD. Note that all of the one-loop results above did not assume the distributions to be inclusive in the angles. In [17] it was found that the one-loop non-factorizable correction to the distribution inclusive in real photons and angles, but not in the invariant mass, is suppressed by α(M/E)^4 at high energies, E ≫ M. This is consistent with an earlier observation of Ref. [12], where a similar effect was observed for a simplified toy model. A similar energy dependence is also found for the one-loop QCD interconnection effects in tt̄ production [15, 17]. It is the main purpose of this paper to study the mechanism of the high energy suppression. This allows us to obtain information about the higher-order non-factorizable corrections to the distributions inclusive in angles.

An indication of the importance of higher-loop QCD corrections comes from the studies of non-perturbative QCD interconnection effects. These effects are an essential source of the systematic uncertainties in the reconstruction of the W -boson or top-quark parameters. Recall that not far from threshold the typical decay time, τ ∼ 1/Γ ≈ 0.1fm, is much shorter than the characteristic hadronization time, τ had ≈ 1 fm. Thus, the final state hadronic systems overlap between pairs of resonances (W^+W^−, Z^0Z^0, tt̄, etc). Non-perturbative effects at the hadronization stage are usually modelled by a colour rearrangement between the partons produced in the two resonance decays and the subsequent parton showers [18]. This topic is deeply related to the confinement physics. Thus, interconnection studies not only offer an opportunity to investigate the dynamics of unstable particles, but they also open new ways to probe confinement forces in space and time [18, 19].

So far, the experimental analysis of the non-factorizable effects have been performed only at LEP2 and mainly in the context of precise W mass measurements [20]. A LC will allow a series of very accurate measurements of W^+W^−, ZZ, and tt̄ production in a wide energy range. Especially promising for the purposes of precise mass determination and interconnection studies look high luminosity runs of a LC in the threshold regions [19, 21]. A detailed knowledge of the energy dependence of the interconnection effects in W^+W^− production would allow to choose the optimal strategy for their studies at a LC.

The purpose of this paper is twofold. First, we discuss the separation between the different radiative phenomena to all orders in perturbation theory. We find the following different effects:

• There are factorizable and non-factorizable corrections.

• The non-factorizable corrections can be of the production-decay and decay-decay types.

• The non-factorizable corrections of each type can receive corrections due to two effects:

interaction between the production/decay dipoles and propagation corrections.

We start with the separation of these effects in QED within the DPA by analyzing Feynman diagrams. This is an extension of the well studied one-loop QED case. Subsequently we find an effective field theory interpretation of this separation, based on the presence of a hierarchy of scales in the problem, E^2 ≫ MΓ. The existence of an effective field theory allows us to generalize the separation between different effects to the more complicated (non-abelian) QCD case. Also the DPA appears naturally within the effective field theory framework. This implies – at least in principle – the possibility to study Γ/M suppressed (beyond the DPA) effects in a consistent way.

Second, we focus on the high-energy, E ≫ M, behavior of the non-factorizable corrections to the distributions inclusive in angles of the decay products. We study the mechanism responsible for the suppression of the non-factorizable corrections at high energy. The suppression mechanism works differently for the different effects we identified. In this paper we limit ourselves to the decay-decay interferences, leaving aside the more complicated case of the production-decay interferences. We illustrate the suppression mechanism by estimating the QED decay-decay interferences, using a high energy expansion of Feynman diagrams. Subsequently we find an effective field theory interpretation of this mechanism. Based on the effective field theory approach we develop a general framework that allows us to generalize the estimates to the non-abelian QCD case. Finally, we consider some topical applications of our results.

The paper is organized as follows. In Sect. 2 we discuss the separation of different effects in QED by analysing Feynman diagrams. We also derive the high energy estimates of the non-factorizable decay-decay interferences. In Sect. 3 we analyse the structure of the modes induced by the hierarchy of scales, E and Γ. By subsequently integrating out different modes we construct an effective field theory that provides us with a separation between the various radiative effects together with the high energy estimates. In Sect. 4 we discuss some physical applications of the high energy estimates of the non-factorizable corrections. Sect. 5 gives our conclusions and outlines the possible future developments and applications of our results.

2 Estimates from high energy expansion of amplitudes

In this section we investigate higher-loop QED non-factorizable corrections in a toy model by considering the high-energy expansion of Feynman diagrams. We work within the DPA, neglecting all contributions suppressed by Γ/M. The separation of factorizable and non-factorizable corrections is achieved by using the non-factorizable currents. This procedure is an extension of the one-loop separation procedure [5, 13, 14]. We subsequently study non-factorizable corrections to the distributions inclusive in decay angles in the high energy limit, E ≫ M.

2.1 Separation of various contributions

In the Born approximation the hierarchy of scales E^2 ≫ MΓ implies the factorization of the full matrix element into a product of matrix elements corresponding to hard (production and decay of unstable particles) and soft (propagation of unstable particles) sub-stages of the process. The factorization holds with an accuracy of at least O(Γ/M).

Radiative corrections are due to radiation of photons/gluons with typical energy Ω. If the radiation is hard, Ω ∼ E, the inverse propagation distance of the unstable particles, ∼ Γ·M/E, remains to be the only soft scale in the problem. As a result, the factorization for the process works in the same way as in the Born approximation. On the other hand, if the radiation is soft, Ω ∼ Γ · M/E, there are two soft scales. The hard matrix elements still factorize but the propagation of the unstable particles and the interactions via soft particles can mix now. In general, a part of the corrections will have a form where the propagation subprocess is factorized in the same way as it is factorized in the Born approximation, and a part of the corrections will not have such a factorized form.

A correction is factorizable (non-factorizable) if the propagation sub-stage factorizes (does not factorize)with respect to the rest of the process in the same way as in the Born approximation. Corrections due to the exchange of hard particles are always factorizable whereas corrections due to the exchange of soft particles can be both factorizable and non-factorizable. In the former case the split up between factorizable and non-factorizable corrections is unambiguously defined on the basis of the energy of the exchange particles. In the latter case the split up between factorizable and non-factorizable corrections can only be done by comparing corresponding matrix elements to that in the Born approximation. One expects that factorizable and non-factorizable contributions factorize with respect to each other beyond one loop.

The toy model we will consider has a neutral, scalar, unstable particle field ϕ with mass M and width Γ. This particle decays into massless, charged fermions, ψ. The charged fermions couple to a U(1) gauge field, A_μ. The Lagrangian of the model is L = 1 2 ϕ(p^2 − M^2)ϕ + ψ̄ ̸pψ − 1 4 F_{μν}F^{μν} + PXϕϕ + ϕψ̄Dψ. (1) Here p is the momentum operator and p is the covariant momentum operator. The first three terms in Eq. (1) describe the propagation of ϕ, ψ, and A_μ fields. The P term describes the production of a pair of unstable particles from some neutral source X, whereas the D term describes their decay into the fermions. We will assume that all these terms can be treated as a perturbation. To see how factorization occurs let us consider the process

X → ϕ(p_1)ϕ(p_2) → ψ^+(k_1)ψ^−(k^′_1)ψ^−(k_2)ψ^+(k^′_2). (2)

where p_i = k_i + k^′_i, i ∈ {1, 2} and

p^2_1 − M^2 ∼ ΓM, p^2 − M^2 ∼ ΓM (3)

We assume there are no charged particles in the initial state.

2.1.1 One-loop order

The complete one-loop correction consists of one-loop factorizable and one-loop non-factorizable corrections. The separation between these two contributions is known [5]. In order to introduce notations let us recall briefly how it works. The hard modes contribute exclusively to the factorizable corrections, thus the separation needs to be performed only for soft photons. Let us start with the non-factorizable corrections. Since charged particles appear only in the final state, as decay products there will be only decay-decay interference. The decay-decay nonfactorizable correction is given by

= + + + = iM_0 ∫ l (J_1 · J_2), (4)

where we used a short hand notation for the loop integral ∫ l ≡ ∫ d^4l (2π)^4l^2

. (5)

In Eq. (4) M_0 is the Born matrix element in the DPA. The gauge invariant currents J^μ_{1,2} are called the non-factorizable currents. They are given by

J^μ_1 = J^μ_1 (l, D_1) = + e [ k^μ_1 lk_1 − k^′_1^μ lk^′_1 ] D_1 D_1 + 2lp_1

, (6)

J^μ_2 = J^μ_2 (l, D_2) = + e [ k^μ_2 −lk_2 − k^′_2^μ −lk^′_2 ] D_2 D_2 − 2lp_2 , where D_{1,2} ≡ p^2_{1,2} − M^2 + iΓM, (7) is the off-shellness of the unstable particle. By inspection of the integral Eq. (4) it can be seen that the energy of the photon relevant for non-factorizable corrections is indeed Ω ∼ ΓM/E.

The contribution of a hard photon is suppressed by O(M^2Γ^2/E^2) with respect to the leading contribution. Thus, the corresponding contributions are beyond the DPA.

The factorizable correction is given by

+ + . . . = M_1. (8)

The important property of M_1 is that it has exactly the same dependence on D_{1,2} as the Born matrix element M_0. This is the crucial difference between the factorizable and nonfactorizable corrections. The non-factorizable corrections contain an additional strong D_{1,2} dependence. Thus, contrary to the factorizable corrections, the non-factorizable corrections distort the invariant mass distribution.

2.1.2 Two-loop order

At two-loop the separation into factorizable and non-factorizable contributions is somewhat more involved. There are four distinct contributions, two of which are non-factorizable. First of all there is a two-loop factorizable correction given by the following diagrams

+ + . . . = M_2. (9)

Secondly, there are contributions that can be attributed to the interference between one-loop factorizable and one-loop non-factorizable contributions. An example of such a contribution in the soft approximation is

+ = iM_0 ∫ l1,l2 k^μ_1 l_2k_1

D_1 D_1 + 2l_2p_1 · k_{2μ} −l_2k_2

D_2 D_2 − 2l_2p_2 × k^ν_1 l_1k_1 · k^′_{1ν} −l_1k^′_1

. (10)

The two-loop corrections of this type factorize into a product of one-loop factorizable corrections times one-loop non-factorizable corrections. The same factorization holds for hard momenta flow in the factorizable loop. Combination of all contributions of this type will lead to

+ = iM_1 ∫ l (J_1 · J_2). (11)

The first factor, M_1, is the same as the one-loop factorizable correction. The second factor is the same as one-loop non-factorizable correction.

In addition to the two contributions mentioned above, there are also two classes of nonfactorizable contributions. The first class consists of all diagrams where two photons are exchanged between the two fermion pairs. Let us list here all these diagrams. There are diagrams like + ∼ 1 2 ∫ l1,l2 k^μ_1 k_1l_1 k^ν_1 k_1l_2 k_{2μ} −k_2l_1 k_{2ν} −k_2l_2

, (12)

where the integration is over the virtual photon momenta, l_1 and l_2, with the appropriate measure, Eq. (5). We omit factors D_{1,2}/(D_{1,2} ± 2l_1p_{1,2} ± 2l_2p_{1,2}) in the expression above. There are three more contributions of this form corresponding to interactions: (k_1k^′_2)(k_1k^′_2), (k^′_1k_2)(k^′_1k_2), (k^′_1k^′_2)(k^′_1k^′_2). Another set of diagrams contributing to this class is given by

+ ∼ − 1 2 ∫ l1,l2 [ k^μ_1 k_1l_1 k^{′ν}_1 k^′_1l_2 k_{2μ} −k_2l_1 k_{2ν} −k_2l_2 + k^{′μ}_1 k^′_1l_1 k^ν_1 k_1l_2 k_{2μ} −k_2l_1 k_{2ν} −k_2l_2 ] . (13)

There are three additional contributions of this type: (k_1k^′_2)(k^′_1k^′_2), (k_1k_2)(k_1k^′_2), (k^′_1k_2)(k^′_1k^′_2). Finally, the last set of diagrams contributing to the first class of non-factorizable corrections is

∼ + ∫ l1,l2 k^{′μ}_1 k^′_1l_1 k^ν_1 k_1l_2 k_{2μ} −k_2l_1 k^′_{2ν} −k^′_2l_2

. (14)

There is one more diagram of this type: (k_1k_2)(k^′_1k^′_2).

Combining all these contributions we obtain a gauge invariant expression for this part of the two-loop non-factorizable correction 1 2 iM_0 ∫ l1,l2 ( k_1 l_1k_1 − k^′_1 l_1k^′_1 )μ · ( k_1 l_2k_1 − k^′_1 l_2k^′_1 )ν · ( k_2 −l_1k_2 − k^′_2 −l_1k^′_2 ) μ · ( k_2 −l_2k_2 − k^′_2 −l_2k^′_2 ) ν D_1 D_1 + 2l_1p_1 + 2l_2p_1

D_2 D_2 − 2l_1p_2 − 2l_2p_2

(15)

Using the non-factorizable currents this can be written as

∼ 1 2 iM_0 ∫ l1,l2 (J_1 · J_2)(l_1) ∗ (J_1 · J_2)(l_2), (16) where the currents are the same as in the one-loop case and are given by Eq. (6). The product of two currents is defined by the following current multiplication rules

J^μ_i (l_1, D) ∗ J^ν_i (l_2, D) = J^μ_i (l_1, D) J^ν_i (l_2, D ± 2l_1p_i) = J^ν_i (l_1, D) ∗ J^μ_i (l_2, D) = J^ν_i (l_1, D) J^μ_i (l_2, D ± 2l_1p_i), (17)

where ± = + for i = 1 and ± = − for i = 2. Furthermore

J^μ_1 (l_1, D) ∗ J^ν_2 (l_2, D) = J^ν_2 (l_2, D) ∗ J^μ_1 (l_1, D) = J^μ_1 (l_1, D) J^ν_2 (l_2, D). (18)

The second class of non-factorizable corrections consists of diagrams with only one photon exchange. These are diagrams of the following form

∼ iM_0 ∫ l1,l2 (J_1 · J_2) e^2 l^2_1 l^2 Tr ( 1 ̸l_1 1 ̸l_2− ̸l_1 ) . (19)

The loop integration over the fermion loop and over the non-factorizable currents does not factorize.

As we have seen, two-loop non-factorizable corrections receive contributions from two different sources: from additional interactions with the decay products and from the corrections to the propagation of the soft exchange particles. The two contributions given by Eqs. (16) and (19) respectively are separately gauge invariant and are distinguished in particular by a different effective coupling constant. Eq. (16) originates solely from additional interactions of photons with the decay products. This term contains two non-factorizable currents for each decay and is proportional to α^2. Eq. (19) on the other hand receives contributions from propagator corrections as well as interactions with the decay products. This term contains only one non-factorizable current and is proportional to α^2N_f , where N_f is the number of fermions in the loop.

In summary, we separated the factorizable, ∼ α_{fact}, and non-factorizable corrections, ∼ α_{nf}. The non-factorizable corrections are further separated into corrections due to the interaction of the photons with the (dipole of the) decay products, ∼ α_{dipole}, and corrections due to the propagation of the soft photons, ∼ α_{prop}. Thus, the complete two-loop corrections can be written schematically as

α^2 = α^2_{fact} + α_{fact}α_{nf} + α^2_{nf}; α^2_{nf} = α^2_{dipole} + (α_{dipole}α_{prop}). (20)

The parenthesis in the last term indicates that the two effects do not factorize. The split up is gauge invariant and each contribution has different physical properties.

2.1.3 N-loop order

The procedure described above generalizes to the separation of N-loop correction. The complete α^N correction consists of interferences between factorizable and non-factorizable corrections, factorized with respect to each other. Schematically

α^N = N∑ i=0 α^{N −i}_{fact} α^i_{nf}. (21)

Non-factorizable corrections can be due to the interaction of soft photons with the dipoles of the decay products or due to the correction to the propagation of the soft photons

α^i_{nf} = i∑ j=1 (α^j_{dipole}α^{i−j}_{prop}). (22)

A useful illustration is given by the four-loop non-factorizable diagrams shown in Fig. 1. The first diagram, Fig. 1(a), contains four dipole interactions and no propagation corrections. The second diagram, Fig. 1(b), has three dipole interactions and a first-order propagation correction. Finally, the last diagram, Fig. 1(e), has only one dipole interaction and a three loop propagator correction.

(a) (b) (c) (d) (e)

Figure 1: Four-loop diagrams contributing to non-factorizable corrections. The diagrams are proportional to (a) ∼ α^4_{dipole}, (b) ∼ α^3_{dipole}α_{prop}, (c) ∼ α^2_{dipole}α^2_{prop}, (d) ∼ α^2_{dipole}α^2_{prop} and (e) ∼ α_{dipole}α^3_{prop}.

At N-loop the non-factorizable correction arising solely from dipole interactions, ∼ α^N_{dipole}, can be written in terms of the non-factorizable currents analogously to Eqs. (4) and (16). They are given by iM_0 1 N! [ ∗ ∫ d^4k (2π)^4k^2

[J_1J_2](k) ]N . (23)

The products of non-factorizable currents are defined according to Eqs. (17) and (18). Examination of the integral, Eq. (23), confirms that also at higher-loop level the leading contribution to the non-factorizable correction is due to soft photon exchange, Ω ∼ ΓM/E.

2.1.4 Charged unstable particle production

In this subsection we repeat the procedure of separating different effects for the case of charged unstable particle production. The difference to the neutral unstable particle case is that now in addition to the decay-decay interferences there will be production-decay interferences.

Let us consider a toy model with a massive, charged, scalar, unstable particle field, ϕ. The scalar field decays into a pair of massless fermions, ψ and ψ^′. One of the fermions, ψ, is charged and thus couples to a U(1) gauge field, A_μ. The other fermion, ψ^′, is neutral. The Lagrangian of the model is given by

L = ϕ^†(p^2 − M^2)ϕ + ψ̄ ̸pψ + ψ̄^′ ̸pψ^′ − 1 4 F_{μν}F^{μν} + ( PX(ϕ^†ϕ) + ϕ^†D(ψ̄^′ψ) + h.c. ) (24)

The difference to Eq. (1) is that now the field ϕ is charged, thus p in the kinetic term of the ϕ field is the covariant derivative. Again, the P and D terms are responsible for the production from a neutral source X and for the decay of the unstable particles respectively. As in the neutral case, we assume that these terms can be treated perturbatively.

In order to see how the factorization picture can be generalized to the case of charged unstable particles we consider the process X → ϕ^+(p_1)ϕ^−(p_2) → ψ^+(k_1)ψ^′(k^′_1)ψ^−(k_2)ψ^′(k^′_2). (25) where p_{1,2} = k_{1,2} + k^′_{1,2} and p^2_{1,2} − M^2 ∼ ΓM. For simplicity we will assume that there are no charged initial state particles.

At one-loop the complete non-factorizable corrections can be written as [5]

M^{virt}_{nf} = iM_0 ∫ d^4l (2π)^4l^2 [ J_0 · J_1 + J_0 · J_2 + J_1 · J_2 ] . (26)

The currents are given by J^μ_0 = e [ p^μ_1 lp_1 + p^μ_2 −lp_2 ] , (27)

for photon emission from the production stage of the process and

J^μ_1 = − e [ p^μ_1 lp_1 − k^μ_1 lk_1 ] D_1 D_1 + 2lp_1

, J^μ_2 = − e [ p^μ_2 −lp_2 − k^μ_2 −lk_2 ] D_2 D_2 − 2lp_2

(28)

for photon emission from the decay stages of the process. The main difference is that there are three interference terms now. Two terms account for photons connecting the production and the two decay sub-stages (production-decay interferences). The third term corresponds to photons connecting the two decay sub-stages (decay-decay interferences). The decay-decay interferences are similar to those in the neutral unstable particle case.

At N-loop order the full correction will be a sum of products of factorizable and nonfactorizable corrections similar to Eq. (21). Non-factorizable corrections come from two sources similarly to Eq. (22). One is the interaction of the soft photons with the decay or production dipoles. This contribution can be expressed in terms of the non-factorizable currents and is given by a generalization of Eq. (23). iM_0 1 N! [ ∗ ∫ d^4l (2π)^4l^2

[J_0 · J_1 + J_0 · J_2 + J_1 · J_2](l) ]N . (29)

The second source for N-th order non-factorizable corrections is photon propagation corrections to lower-order non-factorizable corrections. Finally, factorizable corrections will be corrections to the two decay sub-stages and to the production sub-stage.

In summary, in the case of production of charged unstable particles the general picture still holds. Indeed, at any order the full correction comes from several physically different effects. First of all, factorizable and non-factorizable corrections can be separated. Second, non-factorizable correction can be production-decay and decay-decay interferences. Each type of interference receives corrections from the coupling of soft photons to production and decay dipoles and from corrections to the soft photon propagation.

At this point let us comment on the possibility of a generalization of this separation procedure to QCD. We believe that in QCD the physical picture should remain the same. At any order the corrections should come from the physically different sources identified above and, thus, one should be able to separate them. It seems, however, that it will be complicated to generalize the procedure we used so far. This is because the separation given above uses manipulations of the non-factorizable currents. In QCD the gauge structure is more complicated due to the gluon self coupling. At higher order it will be hard to maintain gauge invariance of separate contributions. It would be advantageous, therefore, to find a framework, which makes use of the physical distinctions between various effects. Such a framework should be manifestly gauge invariant. In Sect. 3 we come back to this question.

2.2 Integrating over decay products

In this subsection we study the mechanism that leads to the suppression of non-factorizable corrections at high energies, E ≫ M. The mechanism is at work for distributions integrated over the momenta of the decay products keeping their invariant masses fixed. High energy suppression arises because of the coupling of the soft photons to the decay products. Therefore we will concentrate on the non-factorizable corrections coming from the interaction with the decay dipoles, as defined in Sect. 2.1. We will not consider any further factorizable corrections nor non-factorizable propagation corrections. They are proportional to the coupling constant without any extra high energy suppression. This fact illustrates that the effects we identified in Sect. 2.1 are indeed physically different. Also, we do not discuss high energy behavior of production-decay interferences that are present in the charged case. The suppression mechanism works differently in this case and we leave this issue for the future. Thus, the estimates that will be presented in this subsection are valid for decay-decay non-factorizable interferences coming from the interaction with decay dipoles. In Sect. 2.1 this was shown to be a well defined gauge invariant subset of all corrections.

2.2.1 Neutral Unstable Particles

The first process we will consider is a neutral, unstable, scalar particle with momentum p decaying into a pair of massless, charged fermions with momenta k and k^′ respectively. The

Lagrangian of the model is given in Eq. (1). We will estimate the N-th order virtual nonfactorizable correction due to exchange of N-photons with momenta l_1, . . . , l_N . As a first step we will integrate the decay part of the Born matrix element squared multiplied by N nonfactorizable currents over k and k^′, keeping p fixed. According to Eq. (23) the relevant integral is I^{α1...αN} = ∫ d^4k d^4k^′ δ(k^2) δ(k^{′2}) δ^4(p−k−k^′)×|D|^2 × ( k kl_1 − k^′ k^′l_1 )α_1 . . . ( k kl_N − k^′ k^′l_N )α_N . (30)

This tensor corresponds to the decay part of one of the particles. |D|^2 is the Born matrix element squared. The indices α_1 . . . α_N will be contracted with the indices of the non-factorizable current from the other unstable particle.

In the center-of-mass frame at high energy the components of momenta in the formula above can be estimated as follows: p ∼ k ∼ k^′ ∼ E, l_i ∼ ΓM/E. (31) The latter estimate follows from the fact that only soft photons are relevant for non-factorizable corrections. Also (kl_i) ∼ (k^′l_i) ∼ (pl_i) ∼ ΓM. Since ultra-relativistic particle decay forward k_μ and k^′_μ are almost collinear to p_μ and to each other. This will lead to a suppression of the non-factorizable currents in Eq. (30). In order to make this suppression explicit, it is convenient to change variables k^μ = 1 2 (p^μ + Δ^μ), k^{′μ} = 1 2 (p^μ − Δ^μ), (32)

where Δ ∼ M. The phase-space integration over the final state particle momenta is given by ∫ d^4k d^4k^′ δ(k^2) δ(k^{′2}) δ^4(p − k − k^′) = ∫ d^4Δ δ(M^2 + Δ^2) δ(2pΔ) ≡ ∫ Δ (33)

which allows to rewrite Eq. (30) as I^{α1...αN} = ∫ Δ |D|^2 ( k kl_1 − k^′ k^′l_1 )α_1 . . . ( k kl_N − k^′ k^′l_N )α_N . (34)

In terms of the new variables, the non-factorizable currents depend on p and Δ. They can be expanded in M/E ( k kl − k^′ k^′l )α = Δ_α0 · 2 lp ( g^α 0_α − l^α 0 p^α lp ) + O(Δ^3) ∼ 1 Γ . (35)

There will be only odd powers of Δ in the expansion because the exact non-factorizable current is anti-symmetric under k ↔ k^′.

We are now ready to estimate the size of N-non-factorizable currents averaged over the momenta of decay products, I^{α1...αN} , in terms of E, M, and Γ. We want to compare this to the leading contribution of the Born matrix element squared, corresponding to N = 0. This is because our goal at the end is to estimate non-factorizable corrections with respect to the Born cross section.

The estimate depends on the parity of N. If N is odd the product of the currents contains an odd number of Δ_{αi}. Upon integration these terms will vanish. For even N Eqs. (34) and (35) lead to the following estimate: I^{α1...αN} ∼ { 0, for N odd, Born · Γ^{−N} , for N even. (36)

In Eq. (36) we denote the leading contribution to the Born matrix element squared by “Born”. Of course, the equation above does not account for the Lorentz structure. However, the information it provides is sufficient to estimate the non-factorizable correction.

For the purpose of illustration let us make this estimates more precise by taking into account the Lorentz structure. As an example, we consider the simplest case N = 2: I^{α1α2} ∼ |D|^2 p^2 (pl_1)(pl_2) [ g^{α1α2} +

(l_1l_2) (pl_1)(pl_2) p^{α1} p^{α2} − 1 (pl_1) l^{α2}_1 p^{α1} − 1 (pl_2) l^{α1}_2 p^{α2} ] . (37)

The first factor is the leading contribution to the Born term while the second factor is the leading contribution from the non-factorizable currents. Power counting in the second factor gives ∼ 1/Γ^2, in agreement with Eq. (36).

The estimate given in Eq. (36) can be summarized in the following way: using the scaling rules given in Eq. (31) the integrals over the decay product momenta, Eqs. (30) and (34), can naively be estimated to be of the order O((E/M · 1/Γ)^N ) relative to the Born term. At high energy, however, k is collinear to k^′, which introduces an extra suppression of O(M^N /E^N ) for even N. This results in the final estimate quoted above: O(Γ^{−N} ) relative to the Born term.

Finally we are in a position to estimate the non-factorizable correction itself. At N-th order it is given by Eq. (23) and involves N-integrations over the momenta of virtual particles, N propagators of soft exchange particles and interference of 2N non-factorizable currents, N coming from each unstable particle. We assume that one integrates over the momenta of decay products. This allows us to use the estimates made in the previous subsection. Denoting the non-factorizable correction relative to the Born term by δ_{nf}, we find for even N

δ_{nf} ∼ ( (ΓM/E)^4 (ΓM/E)^2 )N · ( 1 Γ )N · ( 1 Γ )N ∼ ( M E )_2N

, N even. (38)

The first factor comes from the loop integration measure and N virtual particle propagators whereas the second and the third factors are due to the 2N non-factorizable currents. The non-factorizable correction for odd N

δ_{nf} = 0, N odd, (39)

because of the symmetry mentioned above.

2.2.2 Charged Unstable Particles

The estimates made in the previous subsection can be generalized to the case where the unstable particle is charged. We will consider a process where the unstable particle, with momentum p^μ, decays into a charged and neutral fermion with momentum k^μ and k^{′μ} respectively. The Lagrangian of the model is given in Eq. (24). The Born matrix element squared, multiplied by N non-factorizable currents and integrated over the decay product momenta now reads I^{α1...αN} = ∫ Δ |D|^2 · ( p pl_1 − k kl_1 )α_1 . . . ( p pl_N − k kl_N )α_N . (40)

As in the neutral case we change variables and define Δ^μ through the relation k = (p + Δ)/2 with Δ ∼ M. Expressing the non-factorizable currents in the new variables and expanding in M/E results in ( p pl − k kl )α = −Δ_α0 · 1 lp ( g^α 0_α − l^α 0 p^α lp ) + Δ_α0Δ_β0 · l^β 0 (lp)^2 ( g^α 0_α − l^α 0 p^α lp ) + O(Δ^3) ∼ 1 Γ ( 1 + M E + . . . ) . (41)

The main difference compared to the case of neutral, unstable particles is that in the charged case there are odd powers of Δ in the expansion. This is because the exact non-factorizable current is not anti-symmetric under k ↔ k^′ anymore. As a consequence non-factorizable correction will not vanish any longer for odd N. Instead they will get an extra M/E suppression. The reason for this additional suppression is that one of the non-factorizable currents will have to be expanded to second order in Δ. For even N the estimates are the same as in the neutral case. Repeating the estimates that lead to Eq. (36) one obtains I^{α1...αN} ∼ { Born · Γ^{−N} · M/E, N odd, Born · Γ^{−N} , N even

(42)

where “Born” again denotes the leading contribution to the Born matrix element squared.

As in the neutral case it is possible to get the Lorentz structure. Let us consider, for example, the case N = 1: I^α ∼ |D|^2 · p^2 (pl)^2 [ l^α − l^2 (lp) p^α ] . (43)

The first factor is the leading contribution to the Born term whereas the second factor is the leading contribution from the non-factorizable currents. Power counting in the second factor gives ∼ 1/Γ · M/E. Using Eq. (42) we can now obtain the estimate of the decay-decay non-factorizable correction in the charged case. We obtain

δ_{nf} ∼ (M E )_2N

, N even, (44)

δ_{nf} ∼ (M E )_2N_{+2}

, N odd, (45)

These estimates can be summarized as follows: the non-factorizable correction with 2N decay currents scales as E^{−2N} if N is even. Because of symmetry reasons there is an extra suppression of 1/E for each of the two phase-space integrations over the angles if N is odd. It should be stressed again that this estimate is incomplete. The reason is that we did not consider production-decay interferences even though they are present in the charged case.

3 Effective Field Theory description

The estimates of non-factorizable corrections presented in the previous subsection seem to be quite technical. They show different energy scaling behavior depending on the process, particles participating in the process, type of interaction through which they interact and many other factors. Moreover, the very definition of what we mean by non-factorizable corrections rests on the separation of factorizable and non-factorizable corrections discussed in Sect. 2.1. There we discussed just one specific example (out of many) and showed how such a separation can be achieved in QED.

Despite all the different ways the non-factorizable corrections manifest themselves, all the estimates rely on one simple observation. In all processes involving the production of unstable particles close to resonance there are always two scales present: a hard scale, Λ_1 ∼ E, and a soft scale, Λ_2 ∼ Γ · M/E. If E^2 ≫ MΓ there is a hierarchy between these two scales, Λ_1 ≫ Λ_2. At the hard scale, Λ_1, the process can be described in terms of interacting stable particles. The fact that the particles are unstable is not very important and can be neglected. At the soft scale, Λ_2, the instability of the particles becomes important and cannot be neglected any longer. If one’s objective is to study effects due to the instability then the problem can be simplified by separating the two contributions and studying them separately.

This separation of scales is most naturally reflected in an effective field theory framework. In this framework one starts with identifying all the relevant degrees of freedom in the underlying theory. They are determined by the scales present in the process. These scales can come from two sources. Either they come from the underlying theory itself (masses of heavy particles, etc.) or they are introduced through kinematical constraints (CMS energy, etc.). Without kinematical scales the mode contribution is determined by the typical excitation energy. However, in the presence of kinematically induced scales the excitation energy alone is not sufficient to determine the mode contribution. Additional quantum numbers are needed to describe the mode contributions uniquely.^1 Once the relevant modes have been identified we can integrate out the modes that do not show up as external particles.

Let us recall how the procedure of constructing an effective theory works in the simpler case without kinematical constraints. The first step is to integrate out hard momenta. This

1In the case of heavy quark pair production close to threshold, for example, the kinematical constraints are such that particles are produced with a small velocity, v (see [22, 23]). There are three modes distinguished by energy with four-momenta: (¸ m, ¸ m), (¸ mv, ¸ mv), (¸ mv^2, ¸ mv^2). This is not the complete list, however. One needs an additional quantum number — three-momentum — to identify an additional mode with four-momentum (¸ mv, ¸ mv^2).

results in a theory where only soft degrees of freedom are dynamical. The interactions of the soft degrees of freedom are described by an effective Lagrangian

L_{eff} = ∑ n c_n Λ^n

O_n(soft fields). (46)

Each operator, O_n, is multiplied by some power of a scale, Λ, and a dimensionless Wilson coefficient, c_n, which is a series in the coupling constant of the original theory c_n = ∑ c_{n,i}α^i. The contributions of the hard modes are included in the Wilson coefficients. These coefficients are obtained by matching the effective theory to the original theory. Since there is a hierarchy of scales the operators O_n are local and Λ is a typical excitation energy of the hard modes.

Let us now investigate how this picture applies to processes with unstable particles produced close to resonance. This induces a kinematical constraint and consequently the distinction between the various modes is more subtle. First of all, modes are distinguished by their momentum, which can either be hard, P ∼ Λ_1, or soft, p ∼ Λ_2. By the statement P ∼ Λ_1 we mean that at least one component of the momentum is of the order Λ_1 and none is much larger. However, the fact that there is a kinematical constraint means that an additional quantum number is necessary to distinguish different modes. This quantum number is off-shellness or virtuality of the particles, D, defined as

D ≡ P^2 − m^2, (47)

where P is the total momentum and m the mass of the particle. Indeed, if the particle is close to resonance, P^2 ∼ m^2, it can happen that a particle has large momentum, P ∼ Λ_1, but its virtuality is still small, or even zero. In this configuration observables are sensitive to small (soft) changes of momentum, P → P ± p, p ∼ Λ_2. The contribution of such modes depends on two momenta: the hard on-shell momentum, P , and soft momentum, p. The total momentum of such a mode is P + p ∼ Λ_1, and the virtuality is D ∼ Λ_1Λ_2.

This makes it clear that in order to account correctly for all the relevant modes we will have to distinguish between three types of momenta:

• off-shell hard momenta, P ∼ Λ_1, P^2 − m^2 ∼ Λ^2_1.

• on-shell hard momenta, P_m ∼ Λ_1, P^2_m = m^2

• soft momenta, p ∼ Λ_2.

In general, the virtuality can take four values: 0, Λ^2, Λ_1Λ_2, and Λ^2_1. Consequently, there are the following types of modes in the problem:

• Hard modes: Φ(P ), where P ∼ Λ_1, D ∼ Λ^2_1.

• Resonant modes Φ(P_m, p), where P_m ∼ Λ_1, p ∼ Λ_2, D ∼ Λ_1Λ_2.

• Soft modes: Φ(p), where p ∼ Λ_2, D ∼ Λ^2.

• External modes: Φ(P_m), where P_m ∼ Λ_1, D = 0.

All fields together with their respective energy and virtuality scales are listed in Fig. 2.

P

0 Λ_2 Φ(P_m, p), Φ(p)

Λ_1 Φ(P_m, p), Φ(P ), Φ(P_m) D

0 Φ(P_m)

Λ^2 Φ(p)

Λ_1Λ_2 Φ(P_m, p)

Λ^2_1 Φ(P )

Figure 2: Relevant energy-momentum and virtuality scales with a list of corresponding fields contributing at each scale.

Let us now consider what happens if we start to integrate out fields in the case where kinematical scales are present. It is possible that fields that are integrated out and fields that are left in the Lagrangian – being distinguished by the additional quantum number – have the same typical energy. In this case the operators O_n can be nonlocal. The scale Λ is determined by the quantum number, which distinguishes the modes.

Applying this strategy to processes with unstable particles one first integrates out the hard modes, Φ(P ). The resulting effective theory describes instability effects, such as propagation of unstable particles close to resonance, Φ(P_m, p), their decay into on-shell particles, Φ(P_m), and interactions between them due to soft exchanges, Φ(p). The effective Lagrangian contains nonlocal operators. The main point is that in this way we achieve a separation of factorizable and non-factorizable effects. As we will see, the factorizable corrections correspond to the hard effects encoded in the Wilson coefficients whereas all non-factorizable corrections are described by interactions of the still dynamical soft modes. Since this separation is based on a physically relevant hierarchy of scales it is possible to generalize it to more complicated cases. The usual way of separating factorizable and non-factorizable corrections is based on ad hoc manipulations of various contributions. These manipulations become increasingly tedious for more complicated cases.

As a next step one can integrate out the resonant modes, Φ(P_m, p). This results in a new effective theory that contains nonlocal interactions between external particles, Φ(P_m), coupled in the production and decay points. It also contains interactions between production and decay points due to soft exchanges, Φ(p) (non-factorizable corrections). Whereas integrating out hard modes provides a separation between factorizable and non-factorizable corrections, integrating out resonant modes provides a separation of different types of non-factorizable corrections (production-decay, decay-decay).

The last step is to integrate out the soft modes, Φ(p). This will lead to the S-matrix defined in terms of external particles, Φ(P_m).

3.1 Toy model

Let us now carry out this programme in some more detail for the toy model specified in Eq. (1). The list of relevant modes is the following:

• Hard modes: ϕ(P ), ψ(P ), A_μ(P ).

• Resonant modes: ϕ(P_M , p), ψ(P_0, p).

• Soft modes: ψ(p), A_μ(p).

• External modes: ψ(P_0).

It should be understood that the A_μ(P ) field is subject to gauge transformations at the hard scale whereas A_μ(p) is subject to gauge transformations at the soft scale. Thus, for example, the covariant derivative acting on ψ(P ) contains A_μ(P ) and the covariant derivative acting on ψ(P_0, p) contains A_μ(p).

The leading diagram for the process Eq. (2) is shown in Fig. 3(a) where the dashed line denotes a resonant field ϕ(P_M , p). Neglecting an overall coupling constant, this diagram is of the order (Λ_1Λ_2)^{−2}.

3.2 Integrating out hard modes

The Lagrangian given in Eq. (1) describes the full theory where all modes are dynamical. The first step towards the effective theory we are aiming at is to integrate out the hard modes ϕ(P ), ψ(P ), and A_μ(P ). They all have momenta P ∼ Λ_1 and virtuality D ∼ Λ^2_1. The resulting effective Lagrangian contains fields ϕ(P_M , p) (P_M ∼ Λ_1, P^2_M = M^2), ψ(P_0, p) (P_0 ∼ Λ_1, P^2_0 = 0), ψ(p) and A_μ(p), with p ∼ Λ_2, and the external field ψ(P_0). The Lagrangian of the effective theory is determined through matching. Thus, we require that up to a certain order in the coupling constants and up to a certain order in Λ_2/Λ_1 the effective theory coincides with the underlying theory. At this point we restrict ourselves to contributions that are not suppressed by powers of Λ_2/Λ_1.

Let us start by integrating out ϕ(P ). At leading order in α, we have to consider diagrams as shown in Fig. 3. The diagram shown in Fig. 3(a) cannot contribute to the process Eq. (2) if the ϕ-field is hard, since this would violate the kinematic constraint Eq. (3). On the other hand, the background process, Fig. 3(b), does contribute to this process, even if the ϕ-fields are hard. Thus, integrating out ϕ(P ) results in an operator X(ψ̄ψ)(ψ̄ψ) in the effective Lagrangian. However, for each hard ϕ-field we get a suppression of Λ_2/Λ_1. Thus, in leading order in Λ_2/Λ_1 there are no new operators introduced by integrating out ϕ(P ).

Consider now α-corrections in the leading Λ_2/Λ_1 approximation. As shown in Fig. 4(a), there are diagrams involving hard ϕ-fields that are not suppressed by Λ_2/Λ_1. However, these diagrams do not result in new operators in the effective Lagrangian. Rather, their effect is

D_1

D_2 (a)

D_1

D_2 (b) Figure 3: Resonant (a) and background (b) Born contributions to pair production in the underlying theory. Resonant kinematics means that D_1 ∼ D_2 ∼ Λ_1Λ_2.

encoded in the (modified) coefficients of already existing operators. In fact, Fig. 4(a) results in a modification of PXϕϕ. Thus, PXϕϕ → c_P PXϕϕ where c_P = 1+O(α) is a Wilson coefficient. Of course, there are also diagrams resulting in α corrections to operators that are suppressed by Λ_2/Λ_1. An example of a diagram that gives rise to an α correction to the operator X(ψ̄ψ)(ψ̄ψ) is shown in Fig. 4(b).

(a) (b)

Figure 4: Diagrams involving ϕ(P ) that result in (a) α corrections to PXϕϕ and (b) α corrections to the operator X(ψ̄ψ)(ψ̄ψ). In diagram (a) all loops are hard but the decaying ϕ fields are resonant. In diagram (b) all internal fields are hard.

As a next step we turn to the U(1) field. In order to integrate out A(P ) we have to consider diagrams as shown in Fig. 5. For a hard photon, the diagram shown in Fig. 5(a) is suppressed by powers of Λ_2/Λ_1. This diagram only gives a leading in Λ_2/Λ_1 contribution for a soft photon. The diagram shown in Fig. 5(b), however, is only suppressed by a coupling constant α, but not by powers of Λ_2/Λ_1. Thus, it leads to an α correction to the contribution of the ϕψ̄Dψ operator. We take this into account by multiplying this operator by a Wilson coefficient c_D = 1 + O(α). Since we are dealing with a neutral field ϕ, the diagram shown in Fig. 5(c) does not contribute.

The fields ψ(P ) enter through self energy insertions of ϕ(P_M , p), thus they will modify the operators bilinear in ϕ. The corresponding operator leading in Λ_2/Λ_1 is ϕP^2_M ϕ = ϕM^2ϕ. However, at leading order in α this operator does not contribute. The next-to-leading order corrections in α result in an operator ϕiMΓϕ. This can be seen as follows: the relative order of magnitude of a hard self energy insertion is given by αΛ^4_1Λ^{−2}_1 (Λ_1Λ_2)^{−1} = αΛ_1/Λ_2. The factor α ∼ g^2 comes from the coupling constant, Λ^4_1 from the phase-space integration, Λ^{−2}_1 from the hard fermion propagators and (Λ_1Λ_2)^{−1} from the additional ϕ(P_M , p) propagator. From the estimate above it is evident that the self energy insertion is not suppressed. Therefore, these

(a) (b) (c)

Figure 5: One-loop radiative corrections in effective theory. (a) would be counted as non-factorizable and (b) as factorizable correction in the underlying theory. If the unstable particles are charged there are diagrams in the underlying theory that contain both factorizable and non-factorizable corrections. An example is given in (c).

contributions have to be taken into account to all orders. This leads to the usual self energy resummation.

In summary, at leading order in Λ_2/Λ_1 the effective Lagrangian takes the form

L_{eff} = 1 2 ϕ(2P_M p + iMΓ)ϕ + ψ̄( ̸P_0 + ̸p )ψ − 1 4 F_{μν}F^{μν} + c_P ϕX P(P_M )ϕ + c_Dϕψ̄D(P_M )ψ. (48) We should stress that the terms ψ̄ ̸p ψ and F_{μν}F^{μν} in Eq. (48) are not equivalent to the ones in Eq. (1). In the underlying theory the fields A(P ) and ψ(P ) are dynamical whereas in Eq. (48) they have been integrated out.

The effective Lagrangian given in Eq. (48) is in fact completely equivalent to the double pole approximation (DPA) [4]. At Born level this can be seen as follows: The production and decay operators, ϕP(P_M )ϕ and ϕψ̄D(P_M )ψ, depend on the on-shell momentum P_M . The kinetic operator of the unstable particle depends also on the soft momentum p. Consequently, the Born process shown in Fig. 3(a) is described by the Lagrangian Eq. (48) as a superposition of an on-shell production subprocess, unstable particle propagation subprocess, and on-shell decay subprocess. This picture is the same as that in DPA.

The equivalence of the effective theory given by the Lagrangian Eq. (48) and DPA can be extended to α-corrections in the leading Λ_2/Λ_1 approximation. In DPA the important fact is that α-corrections are separated into a sum of factorizable and non-factorizable corrections. The diagram shown in Fig. 5(a) is a non-factorizable correction. Only soft gauge bosons give contributions to non-factorizable corrections in DPA. On the other hand the diagram Fig. 5(b) is a factorizable correction in DPA.

Let us see how this happens in our effective theory framework. There are two sources of α-corrections. First, the Wilson coefficients contain α-corrections. As we have seen above, these correspond to corrections obtained by integrating out hard modes. Second, there are loop corrections in the effective theory due to the exchange of soft gauge bosons. In the effective theory at leading Λ_2/Λ_1 order gauge bosons couple to resonant particles in the soft photon approximation. Thus, the evaluation of a diagram of the type Fig. 5(a) with a soft photon is the same in the effective theory and the DPA of the underlying theory. Furthermore, loop integrals in the effective theory have to be carried out in dimensional regularization. A loop integral corresponding to the diagram of Fig. 5(b) with a soft photon does not have a scale and, therefore, is zero in dimensional regularization.

All of the above means that the complete factorizable corrections correspond to the contributions due to the hard modes, calculated in dimensional regularization. These contributions are included in the Wilson coefficients of the effective theory. The non-factorizable corrections are described by the dynamical degrees of freedom of the effective theory. In this way we achieve a separation of factorizable and non-factorizable effects based on the hierarchy of scales in the problem. It is clear that the effective theory description provides a separation between factorizable and non-factorizable corrections also at higher orders in α. This is the main advantage of the effective theory approach compared to DPA.

In more complicated cases, for example when the unstable particles are charged, the separation between factorizable and non-factorizable corrections cannot be done on the basis of diagrams. There are diagrams, like the one shown in Fig. 5(c), which contain both factorizable and non-factorizable parts. The separation is still correctly reproduced within the effective theory framework. In Appendix A we show how the separation works for this example to all orders in Λ_2/Λ_1. In order to do that we use an expansion of loop integrals in dimensional regularization that is equivalent to effective theory calculations.

The effective Lagrangian Eq. (48) contains only local operators. On general grounds, however, one can expect nonlocal operators to be present. This is because the momentum of the fields integrated out, P ∼ Λ_1, is of the same order as the momentum of the fields still present, P_M ∼ Λ_1. In order to understand this mismatch let us recall that in our example hard modes do not introduce new operators at leading order in Λ_2/Λ_1. Thus, the resonant diagrams are described in terms of the same operators in the original and effective theory. These operators are local. As mentioned before, hard modes will introduce new operators that are suppressed by Λ_2/Λ_1. Consequently, nonlocal operators will appear in the effective Lagrangian only at next to leading order in Λ_2/Λ_1.

This brings us to the question of Λ_2/Λ_1 suppressed operators. As we have shown, the effective Lagrangian Eq. (48) contains leading operators in Λ_2/Λ_1 and is completely equivalent to DPA. The effective field theory approach should enable us – at least in principle – to construct Λ_2/Λ_1 suppressed operators order by order in Λ_2/Λ_1. This would open the possibility to go beyond DPA and calculate Λ_2/Λ_1 corrections in a regular (in particular, gauge invariant) way. It is not the aim of this paper to go beyond the leading in Λ_2/Λ_1 order. However, before proceeding, we would like to discuss this point briefly. In the construction of the effective Lagrangian we assumed the presence of two widely separated scales. One of the scales, Λ_2, was induced by the kinematical constraints that the unstable particles are close to resonance. If the unstable particles are far from resonance then there is no extra scale, and the whole effective theory approach is not applicable. This means that for different parts of the phase space one needs to perform different calculations and switch between the two as one goes from one phase-space region to the other. There is a question of accuracy and applicability of the calculation in the transition region. This question always arises when effective theories are used for exclusive distributions. If one is interested in inclusive distributions, where one integrates over the complete phase space, then the procedure should be the following. The phase space should be divided into regions where one of the two calculations is applicable. The calculation then is to be performed in the respective regions, assuming extreme scale hierarchy everywhere in that region. Then the sum will not depend on the cutoff defining the regions at the order at which calculation is performed. It is not possible to perform one calculation, which would have the same accuracy in all the different regions of the phase space with a different scale structure. In what follows we will be interested only in contributions leading in Λ_2/Λ_1, which corresponds to DPA. The possibility of using the effective field theory framework to go beyond DPA is interesting and very relevant, but it is still an open problem.

3.3 Integrating out resonant modes

Starting from the effective Lagrangian Eq. (48), let us now integrate out resonant modes, ϕ(P_M , p), ψ(P_0, p). These modes all have momenta P_M ∼ P_0 ∼ Λ_1, p ∼ Λ_2, D ∼ Λ_1Λ_2. This will result in another effective Lagrangian that contains soft modes, ψ(p) and A_μ(p), with momenta p ∼ Λ_2, D ∼ Λ^2, and external modes, ψ(P_0), with momenta P_0 ∼ Λ_1, D = 0. The importance of operators in the effective Lagrangian is determined by powers of Λ^2/Λ_1Λ_2 = Λ_2/Λ_1. The operators in the new effective Lagrangian are nonlocal. The leading operator corresponding to pair production of unstable particles is a ψ^4-operator and has the form Λ(x, y, z) · (ψ̄Dψ)(x) · X P(y) · (ψ̄Dψ)(z). (49) This term describes the resonant Born diagram in the leading approximation. The factor P(y) corresponds to the production of unstable particles at the point y and (ψ̄Dψ)(x) corresponds to their decay at the point x. As long as the unstable particles are neutral, each of these factors is gauge invariant separately. The coefficient Λ(x, y, z) contains derivatives with respect to x, y and z, which we will denote by P_x, P_y, and P_z respectively. It describes the propagation of unstable particles from the production to the decay point and has dimension [−4]. Only the virtuality of modes that have been integrated out can appear in the denominator. Thus, Λ can be estimated as Λ(x, y, z) ∼ 1 (Λ_1Λ_2)^2 ( 1 + O

(Λ_2 Λ_1 )) . (50)

As in section 3.2 we will neglect Λ_2/Λ_1 suppressed terms. Of course in this case we know the precise form of Λ. From Eq. (48) we deduce that the propagator of a ϕ(P_M , p)-field is given by (2P_M p + iMΓ)^{−1}. This entails Λ(x, y, z) = 1 2P_xp_x + iMΓ · 1 2P_zp_z + iMΓ

. (51)

When the operator P_x acts on a fermion field, ψ(P )(x), it gives its momentum P , when it acts on pair of fermion fields, (ψ̄(P_1)ψ(P_2))(x), it gives the sum of the momenta, P_1 + P_2. The total momentum of the fermion pair is equal to the momentum of the unstable particle. Therefore it has hard and soft components, (P_1 + P_2) = P + p. Because we integrated out the unstable particle field the effective Lagrangian does not depend on the unstable particle field itself any longer. Nevertheless, it can depend of its momentum.

Of course, in more complicated cases the coefficients in front of the nonlocal operators can be quite complicated. An explicit matching calculation is required in order to determine them. In Sect. 3.3.1 and Sect. 3.3.2 we write down the nonlocal operators explicitly and show how the nonlocal Wilson coefficients can be determined by the matching. Our main goal, however, is to reproduce the estimates of non-factorizable corrections presented in Section 2. In order to do that we will not need to know the explicit form of the nonlocal coefficients. The estimates of various quantities can be determined by the scaling properties alone. In Sect. 3.3.3 we show how the scaling properties lead to such estimates.

3.3.1 Explicit operators and matching in QED

We start by writing down an effective Lagrangian describing pair production of unstable particles. The Lagrangian will be written in terms of (nonlocal) gauge invariant operators dependent on soft fields, ψ(p) and A_μ(p), and external fields ψ(P_0). The soft fields transform locally under gauge transformations whereas the external fields transform globally. We will perform the matching by comparing matrix elements squared calculated in the effective theory and in the underlying theory.^2

The effective Lagrangian consists of kinetic terms and terms describing interactions. It has the following structure

L_{eff} = − 1 4 F_{μν}F^{μν} + ψ̄(p)( ̸P_0 + ̸p )ψ(p) + ψ̄(P_0) ̸P_0 ψ(P_0)

+ Λ(x, y, z) · (ψ̄D_{int}ψ)(x) · X P_{int}(y) · (ψ̄D_{int}ψ)(z), (52)

where the first three terms are kinetic terms. Note that p contains the covariant derivative whereas p contains the normal derivative. Therefore, the soft fermions ψ(p) do interact with the soft gauge field A_μ(p) but there is no interaction of the external field, ψ(P_0), with A_μ(p). The last term in Eq. (52) describes doubly resonant production-decay processes. The field ψ appearing there is an external field ψ(P_0). Of course, one can easily generalize this Lagrangian to describe production of more than two unstable particles. The operators D_{int} and P_{int} contain operators with different powers of the gauge field A_μ, describing gauge boson radiation accompanying the production/decay process. Schematically, they have the following structure

P_{int} = P ( 1 + eF_{μν} + e^2(F_{μν})^2 + . . . ) (53)

D_{int} = D ( 1 + eF_{μν} + e^2(F_{μν})^2 + . . . ) . (54)

The first terms correspond to production/decay without radiation. The terms linear in A_μ correspond to production/decay accompanied by radiation of one gauge boson, and so on. If

2Matching matrix elements would be incorrect because this does not fully reflect the fact that ψ(P_0) are external fields by construction. In particular, the color traces have to be taken, because ψ(P_0) is subject to global gauge transformation only.

the source X and the unstable particles is neutral then there there can be no radiation from the production stage of the process P_{int} = P. (55)

Let us start with the QED case. We will write down explicitly operators corresponding to different terms in (ψ̄D_{int}ψ)(x). The operator corresponding to one photon radiation is

(ψ̄D_{int}ψ)(X) | | | |_∼ F = ∫ dxdydz Σ^{(1)}_{μν} (x − X, y − X|z − X) ( ψ̄(x)Dψ(y) ) F^{μν}(z). (56)

This operator is gauge invariant because ψ is an external field subject to a global gauge transformation and A_μ is an abelian gauge field. This operator contributes only to one photon radiation. It is convenient to use a Fourier transformed function for the Wilson coefficient Σ^{(1)}_{μν} (x − X, y − X|z − X) = ∫ d^3s e^{is1(x−X)}e^{is2(y−X)}e^{is3(z−X)} Σ^{(1)}_{μν} (s_1, s_2|s_3). (57)

The matching calculation in the effective theory and in QED is

X l, α k k^′ ∼ e^{iX(k+k} 0_{+l)} Σ^{(1)}_{μν} (k, k^′|l) (l^μg^{να} − l^ν g^{μα}) = e e^{iX(k+k} 0_{+l)}( k kl − k^′ k^′l )α . (58)

Here we recognize the non-factorizable current structure that we encountered in the QED calculations of Sect. 2. The Wilson coefficient can be read off from Eq. (58) and is given by

Σ^{(1)}_{μν} (k, k^′|l) = e 2 ( k_μk^′_ν kl k^′l − k^′_μk_ν kl k^′l ) (59)

This result generalizes to N-photon radiation in a straightforward way. The operator responsible for radiation of N photons is

(ψ̄D_{int}ψ)(X) | | | |_∼ F^N = ∫ dxdyd^N z Σ^{(N )}_{μ1ν1...μN νN} (x − X, y − X|z_1 − X, . . . , z_N − X) (60) × ( ψ̄(x)Dψ(y) ) F^{μ1ν1} (z_1) . . . F^{μN νN} (z_N ).

This operator is gauge invariant and contributes solely to observable where the number of emitted photons is N. The matching calculation in QED is very similar to the calculations presented in Sect. 2 with a product of N non-factorizable currents emerging as a result. The resulting Wilson coefficient is given by Σ^{(N )}_{μ1ν1...μN νN} (k, k^′|l_1 . . . l_N ) = e^N 2^N N! ( k_{μ1} k^′_{ν1} kl_1 k^′l_1 − k^′_{μ1} k_{ν1} kl_1 k^′l_1 ) . . . ( k_{μN} k^′_{νN} kl_N k^′l_N − k^′_{μN} k_{νN} kl_N k^′l_N ) . (61)

We can summarize the situation as follows: the propagation of soft and external fields is described by the kinetic operators in Eq. (52). The production and decay of a pair of unstable particles accompanied by radiation of an arbitrary number of photons is described by the last term in Eq. (52) with the factors (ψ̄D_{int}ψ)(x) explicitly given in Eq. (60). These operators reproduce those non-factorizable corrections that are due to interaction with decay dipoles and have the non-factorizable current structure encountered in Sect. 2. As mentioned in Sect. 2 there are also non-factorizable corrections due to the coupling of soft fermions to soft gauge bosons, which induces corrections due to propagation. Since soft fermions as well as soft gauge boson fields are still dynamical in the Lagrangian of the effective theory, Eq. (52), these corrections are absolutely identical in the effective and underlying theory.

3.3.2 Explicit operators and matching in QCD

We now want to generalize the construction of the effective theory to the non-abelian case of QCD. The effective Lagrangian has a structure similar to the one encountered in the QED case, Eq. (52). However, the explicit form of the operators (ψ̄D_{int}ψ)(x) has to change now. Indeed, the operator responsible for one photon radiation, Eq. (56), is not gauge invariant in the non-abelian case. This is because the field tensor F_{μν} is not gauge invariant if A_μ is a nonabelian gauge field. In fact it is impossible to construct a gauge invariant operator that contains ψ̄ψA_μ if ψ is transforms globally and A_μ transforms locally under gauge transformations. This is consistent with what is observed in QCD. It merely reflects the fact that the emission of a single gluon is forbidden in QCD due to the vanishing of the color trace. The matching equation for the emission of a single gluon then is simply

X l, α, a k k^′ = 0 . (62)

The first non-vanishing process in QCD is the one where two gluons are radiated. Accordingly, the first non-trivial gauge invariant operator in the effective theory contains two F_{μν} tensors

(ψ̄D_{int}ψ)(X) | | | |_∼ F 2 = ∫ dxdyd^2z Σ^{(2)}_{μνσρ}(x − X, y − X|z_1 − X, z_2 − X) (63) × ( ψ̄(x)Dψ(y) ) Tr ( F^{μν}(z_1)U(z_1, z_2)F^{σρ}(z_2)U(z_2, z_1) ) . Here we introduced U(z_1, z_2), the path-ordered exponential defined as

U(x, y) = P exp [ − ig y∫ x A_μ(ω) dω^μ ] , (64)

in order to ensure the gauge invariance of the operator. The matching calculation in the effective theory and in QCD for the two gluon process is similar to the one in QED

X k k^′ ∼ Tr (T^aT^b ) Σ^{(2)}_{μνσρ}(k, k^′|l_1, l_2) (l^μ_1 g^{να} − l^ν_1 g^{μα})(l^σ_2 g^{ρβ} − l^ρ_2g^{σβ}) + (1 ↔ 2)

= g^2 Tr (T^aT^b ) ( k kl_1 − k^′ k^′l_1 )α ( k kl_2 − k^′ k^′l_2 )β . (65)

The solution for the Wilson coefficient can be read off from Eq. (65)

Σ^{(2)}_{μνσρ}(k, k^′|l_1, l_2) = g^2 2^22! ( k_μk^′_ν kl_1 k^′l_1 − k^′_μk_ν kl_1 k^′l_1 ) ( k_σk^′_ρ kl_2 k^′l_2 − k^′_σk_ρ kl_2 k^′l_2 ) . (66)

This is similar to what we found in QED. However, there is an important difference compared to the QED case in that now the operator that is responsible for the emission of two gluons, Eq. (63), will contribute also to processes with a larger number of gluons radiated off. To illustrate this point, let us consider a process with the emission of three gluons. The diagrams of the effective theory contributing to this process are shown in Fig. 6. There will be three distinct contributions. In the first one, shown in Fig. 6(a), two gluons are emitted due to

Σ^{(2)} (a) Σ^{(2)} (b) Σ^{(3)} (c) Figure 6: Diagrams of the effective theory contributing to the three gluon process.

the (ψ̄ψ)F^2 operator, Eq. (63), with one of the gluons subsequently splitting into two due to three-gluon interaction coming from the kinetic term of the gauge field, −1/4 F_{μν} F^{μν}. The second is shown in Fig. 6(b) and is also due to the (ψ̄ψ)F^2 operator. There are two sources in (ψ̄ψ)F^2 that give rise to terms contributing to three gluon radiation. First, the non-abelian commutator terms in F_{μν} result in terms with three (and four) gauge fields. Second, the expansion of the path-ordered exponentials U(z_1, z_2) creates terms with an arbitrarily large number of A_μ fields. Thus, the operator (ψ̄ψ)F^2 given in Eq. (63) contributes to all processes with two or more gluons emitted. Finally, the third contribution to the three gluon process is shown schematically in Fig. 6(c). This contribution is due to a new ψ̄ψF^3 operator with a Wilson coefficient Σ^{(3)} defined as

(ψ̄D_{int}ψ)(X) | | | |_∼ F 3 = ∫ dxdyd^3z Σ^{(3)}_{μ1ν1μ2ν2μ3ν3} (x − X, y − X|z_1 − X, z_2 − X, z_3 − X) (67) × ( ψ̄(x)Dψ(y) ) Tr ( F^{μ1ν1} (z_1)U(z_1, z_2)F^{μ2ν2} (z_2)U(z_2, z_3)F^{μ3ν3} (z_3)U(z_3, z_1) ) . The sum of the three contributions shown in Fig. 6 should be equivalent to the full QCD calculation. This matching condition determines the Wilson coefficient Σ^{(3)}.

This picture is the non-abelian version of what we found in QED. Non-factorizable corrections are either due to the interaction of soft gluons with the decay dipoles or due to propagation corrections of the soft gluons. In the abelian case the propagation corrections arise solely from interaction with soft fermions. In the non-abelian case there is an additional source of propagation corrections, namely the self-couplings of gluons. What we achieved is a generalization to the non-abelian case of a gauge invariant separation between non-factorizable corrections due to interaction with decay dipole and non-factorizable corrections due to propagation. The analogy of the estimates of Sect. 2 for the non-factorizable corrections due to the interaction with decay dipoles is now simply an estimate for the Wilson coefficients Σ^{(N )}. For example, the contribution shown in Fig. 6(c) is due to a O(g^3) dipole interaction. On the other hand, the contributions shown in Fig. 6(a) and (b) are due to O(g^2) dipole interactions plus O(g) propagation corrections. Thus, it is only within the effective theory framework that the true meaning of the estimates for non-factorizable corrections in the non-abelian case becomes clear.

The matching calculation in QCD is far more complicated than in QED. What will be important for us here is that the Wilson coefficient can be estimated as

Σ^{(3)}_{μ1ν1μ2ν2μ3ν3} (k, k^′|l_1, l_2, l_3) ∼ g^3 1 (Λ_1Λ_2)^6 k_{μ1} k^′_{ν1} k_{μ2} k^′_{ν2} k_{μ3} k^′_{ν3} . (68)

In the following section we concentrate on the estimates of the non-factorizable corrections due to interactions with the decay dipoles. It will be sufficient to know the estimates of the Wilson coefficients, Eq. (68), as well as the Lorentz structure and the form of the operators. The explicit form of the matching coefficients will not be important. Nevertheless, we performed an explicit matching calculation for Σ^{(3)} in order to convince the reader that the effective theory does exist and can be matched to QCD. We should mention that the set of operators we have chosen is sufficient only at leading order in Λ_2/Λ_1. If we were to go beyond this approximation additional operators with a more complicated γ-matrix structure would be needed. Details of the matching calculation are given in Appendix B.

3.3.3 Scaling properties and estimates

In this subsection we will generalize the estimates of the Wilson coefficients found above and then apply these in order to obtain estimates of the non-factorizable correction. Thereby we will confirm the results that have been found in Section 2 by analyzing Feynman diagrams.

Instead of working with the momenta of the fermions it will turn out to be more convenient to work with the momenta P_M + p and Δ, defined as follows:

P_M + p = P_1 + P_2, Δ ≡ k − k^′, P_M Δ = −pΔ, (69)

where P_M is the hard on-shell momentum of the resonant ϕ-field that decays into the fermions with momentum k and k^′. p is the corresponding soft momentum, p ∼ Λ_2. Finally, Δ is a hard off-shell momentum, Δ ∼ Λ_1, however P_M Δ ∼ Λ_1Λ_2.

The estimate found in Eq. (68) can be generalized to the Wilson coefficient Σ^{(n)} of the operator (ψ̄ψ)F^n Σ^{(n)}_{μ1ν1...μnνn} ∼ g^n 1 (Λ_1Λ_2)^{2n} k_{μ1} k^′_{ν1} . . . k_{μ3} k^′_{ν3} ∼ g^n Λ^{2n}_2

. (70)

Rewriting this in terms of the new momenta we find

(ψ̄D_{int}ψ)(P_M , p, Δ) | | | |_∼ F^n ∼ (P_M or Δ)^{2n+m}p^m (Λ_1Λ_2)^{2n+m}

(ψ̄Dψ) (eF )^n (71)

We would like to stress again here that this selection rule is valid only up to Λ_2/Λ_1 suppressed terms.

The selection rule, Eq. (71), can be understood as follows: the amplitude for radiating one soft gauge boson is proportional to gP^μ_M /(P_M p) ∼ g/Λ_2, plus Λ_2/Λ_1 suppressed contributions. Consequently, the Feynman rules corresponding to such an interaction operator should scale as ∼ g/Λ_2. This means that the term linear in gA_μ should scale as gA/Λ_2. As A_μ is a soft field, this is equivalent to terms linear in gF_{μν} scaling as gF/Λ^2. These arguments can be extended to radiation of n-gauge bosons. This leads to the observation that (gF )^n-terms have to scale as (gF )^n/Λ^{2n}_2 , as stated in Eq. (70). Taking into account that only Λ_1Λ_2 can appear in the denominator we balance the dimension of the contribution of the operators by powers of Λ_1 and Λ_2 in the numerator. Powers of Λ_1 correspond to hard momenta P or Δ whereas powers of Λ_2 correspond to soft momenta p. This leads directly to the selection rule Eq. (71).

Let us use this selection rule to study the non-factorizable correction due to the exchange of one soft A_μ field. As mentioned above, Eq. (62), this contribution will vanish in QCD and our estimate will only be relevant for QED. The Feynman diagram corresponding to this oneloop correction is shown in Fig. 7(a). According to Eq. (71), the leading contribution to the Feynman rule for the vertex scales as (P_M , p, Δ) ∼ D e 1 Λ_2

. (72)

More explicitly, the following operators linear in F_{μν} are possible

(ψ̄D_{int}ψ)(P_M , p, Δ) | | | ∼F = [ P^μ_M Δ^ν Λ_1Λ_2 + (Δ^μp^ν + P^μ_M p^ν ) Λ_1Λ_2

P^2_M + Δ^2 Λ_1Λ_2 + . . . ] · e Λ_1Λ_2 (ψ̄Dψ)F_{μν} , (73) where in the last term we used the fact that P_M Δ is subleading. The leading contribution to the Feynman rule is coming from the first terms in Eq. (73). With the help of Eq. (72) the one-loop correction relative to the Born term can be estimated as

δ_1 ∼ ∫ d^4l l^2 e Λ_2 e Λ_2 ∼ Λ^4_2 Λ^2 e Λ_2 e Λ_2

∼ e^2, (74)

where l is the soft momentum of the exchanged gauge boson. This shows that non-factorizable corrections to exclusive quantities are O(α) and are not suppressed by any additional parameters.

In order to compare to our previous results, let us recall that the estimates of non-factorizable corrections presented in Sect. 2 are valid for a special class of observables only. The estimates are valid if one integrates out part of the phase space corresponding to final the state fermions, keeping the momenta and invariant masses of the unstable particles fixed. This corresponds to y x

z (a) y x

z (b) Figure 7: Feynman diagrams for one-loop (a) and two-loop (b) non-factorizable corrections in an effective theory where resonant modes have been integrated out.

the construction of operators in the effective field theory using P^μ_M and p^μ, but not Δ^μ. Indeed, suppose that the contribution of an operator depends on Δ. After performing a phase-space integral over the fermion decay angles this contribution will be expressed in terms of P_M and p only. Thus, in order to reproduce the estimates of Sect. 2 we will have to construct a new effective Lagrangian. This Lagrangian is the same as the previous one, but without terms containing Δ. This Lagrangian will be used to calculate observables, in which the integration over fermion decay angles is already performed. Consulting Eq. (73), the leading operator linear in F_{μν} is

(ψ̄D_{int}ψ)(P_M , p) | | | |_∼ F = e P^μ_M p^ν P^2_M (Λ_1Λ_2)^3 (ψ̄Dψ) F_{μν}. (75) Therefore, the Feynman rule corresponding to the one-gauge-boson-radiation vertex in this new Lagrangian scales as (P_M , p) ∼ D e 1 Λ_2

P^2_M Λ^2_1 . The estimate of the non-factorizable correction in this case is

δ_1 ∼

Λ^4_2 Λ^2 · e Λ_2

P^2_M Λ^2_1 · e Λ_2

P^2_M Λ^2_1 ∼ e^2 M^4 E^4

. (76)

This is an estimate similar to what we had in Sect. 2. It shows that at high energy, E ≫ M, non-factorizable corrections are suppressed.

Of course, it can be that the underlying theory has more symmetries. In that case one has to take them into account in the construction of the relevant operators. This is the reason why the estimate obtained in Eq. (76) does not agree with Eqs. (38) and (39). Indeed, if the unstable particle is neutral and it decays into a fermion-antifermion pair with the same flavour there is an antisymmetry under the exchange of final state particles. This leads to the statement that the one-loop non-factorizable correction is zero in this case. In fact, all odd-order-loop non-factorizable corrections are zero because of this symmetry. In the effective theory language this means that operators linear in F , like the one given in Eq. (75) are forbiden. Alternatively, performing the matching one will find that the corresponding Wilson coefficients vanish. However, if there is no additional symmetry the estimate given in Eq. (76) holds.

Let us extend this analysis to two-loop corrections. The explicit form of the terms quadratic in F_{μν} is

(ψ̄D_{int}ψ)(P_M , p) | | | |_∼ F 2 = e^2 1 (Λ_1Λ_2)^4 ( g^{νσ}P^μ_M P^ρ_M P^2_M + g^{νσ}g^{μρ}P^4_M ) (ψ̄ Dψ) F_{μν}F_{σρ}. (77) The diagram corresponding to two-loop correction is shown in Fig.7(b). The Feynman rule for the vertex with the emission of two gauge bosons scales like (P_M , p) ∼ D e^2 Λ^2 · P^2_M Λ^2_1 ( 1 + P^2_M Λ^2_1 ) . (78)

At high energy the leading contribution comes from the g^{νσ}P^μ_M P^ρ_M P^2_M term and the contribution of the g^{νσ}g^{μρ}P^4_M term is suppressed by M^2/E^2. The relative two-loop non-factorizable correction can be estimated as

δ_2 ∼

∫ d^4k_1 k^2_1 d^4k_2 k^2 ( e^2 Λ^2

P^2_M Λ^2_1 ) ( e^2 Λ^2

P^2_M Λ^2_1 ) ∼ (Λ^4_2 Λ^2

)_2 ( e

Λ^2

P^2_M Λ^2_1 ) ( e Λ^2

P^2_M Λ^2_1 ) ∼ e^4 M^4 E^4

. (79)

This is precisely the estimate for two-loop non-factorizable final-final corrections obtained in Sect. 2, Eq. (44).

It is possible to construct Nth order terms in F_{μν} for D_{int}. It is clear that at high energy the leading contribution will come from operators in which as many P^μ_M as possible are contracted with F_{μν}. This is because the remaining P^μ_M needed for dimensional reasons will have to be contracted with each other. Since P^2_M ∼ M^2 ≪ Λ^2_1, this results in a suppression at high energy. If N is even (F_{μν})^N has 2N indices to be contracted. Due to the antisymmetry of the field tensor a maximum of N of these indices can be contracted with P^μ_M . The remaining P^μ_M have to be contracted with each other. By looking at the selection rule, Eq. (71), it can be seen that different m are possible. All of them give the same contribution if p_μ is contracted with P^μ_M . If p^μ is contracted with F_{μν} then some extra P^μ_M would have to be contracted with each other giving additional M/E suppression. This means that the leading correction is the same as that coming from the selection rule with m = 0

(ψ̄D_{int}ψ)(P_M , p) | | | |_∼ F^N ∼ P^{2N}_M (Λ_1Λ_2)^{2N}

(ψ̄Dψ)(eF )^N , N even. (80)

Note that this is in perfect agreement with the explicit result of Σ^{(3)} given in Appendix B. If N is odd (F_{μν} )^N has 2N indices to be contracted, out of which a maximum of N can be contracted with P^μ_M . The rest of the indices cannot be contracted with each other because their number is odd. Thus, at least one p_μ is necessary. Again, in the selection rule Eq. (71) different values of m are possible. However, the leading contribution comes from m = 1. All other values of m give the same result or suppressed contributions. The selection rule Eq. (71) gives for odd N

(ψ̄D_{int}ψ)(P_M , p) | | | |_∼ F^N ∼ P^{2N +1} M p (Λ_1Λ_2)^{2N +1}

(ψ̄Dψ)(eF )^N , N odd. (81)

Thus, the operator D_{int} is of the following form

(ψ̄D_{int}ψ)(P_M , p) = (82) = (ψ̄Dψ) + e P^μ_M p^ν P^2_M (Λ_1Λ_2)^3 (ψ̄Dψ) F_{μν} + e^2 P^μ_M P^ν_M P^2_M (Λ_1Λ_2)^4 (ψ̄Dψ) F_{μσ}F^σ_ν + e^N (P^2_M )^{N/2}P^{μ1}_M ...P^{μN}_M

(Λ_1Λ_2)^{2N} T^{σ1...σN} (ψ̄Dψ) F_{μ1σ1} ...F_{μNσN} | | | | N =even + e^N (P^2_M )^{(N +1)/2}P^{μ1}_M ...P^{μN}_M p^{σN}

(Λ_1Λ_2)^{2N +1} T^{σ1...σ(N}�^{1)} (ψ̄Dψ) F_{μ1σ1} ...F_{μN σN} | | | | N =odd + . . . , where T_{σ1...σN} is a symmetric tensor of even rank constructed from g_{σiσj} .

We are now ready to estimate the N-loop non-factorizable correction. The estimate will be different for odd and even N. Let us start with even N. The Feynman rule corresponding to the radiation of N gauge bosons from the decay dipole is N (P_M , p) ∼ D e^N Λ^N_2

(P^2_M )^{N/2} Λ^N_1

, N even. (83)

Correspondingly, the relative N-loop non-factorizable correction is δ_N ∼ ∫ d^4k_1

k^2_1 . . . d^4k_N k^2_N ( e^N Λ^N_2

(P^2_M )^{N/2} Λ^N_1 ) ( e^N Λ^N_2

(P^2_M )^{N/2}

Λ^N_1 )

∼ ( Λ^4_2

Λ^2 )N ( eN Λ^N_2

(P^2_M )^{N/2} Λ^N_1

)_2 ∼ e^{2N} (M E )_2N

N even. (84)

Here the first factor comes from the N loop integrals and N gauge boson propagators while the second factor comes from two interfering currents to radiate N gauge bosons.

The case of odd N is treated analogously. The Feynman rule corresponding to radiation of N gauge bosons from decay is N (P_M , p) ∼ D e^N Λ^N_2

(P^2_M )^{(N +1)/2} Λ^{N +1}_1

, N odd. (85)

In this case, the relative N-loop non-factorizable correction is δ_N ∼ ∫ d^4k_1

k^2_1 . . . d^4k_N k^2_N ( e^N Λ^N_2

(P^2_M )^{(N +1)/2}

Λ^{N +1}_1 ) ( e^N Λ^N_2

(P^2_M )^{(N +1)/2} Λ^{N +1}_1 )

∼ (Λ^4_2

Λ^2 )N ( eN Λ^N_2

(P^2_M )^{(N +1)/2}

Λ^{N +1}_1

)_2 ∼ e^{2N} (M E )_{2(}N_{+1)}

N odd. (86)

Thus, the estimates obtained using the effective theory, Eqs. (84) and (86), agree with the estimates obtained through the analysis of higher order Feynman diagrams, Eqs. (44) and (45).

4 Applications

In this section we consider some topical applications of the techniques presented in Sect. 2 and Sect. 3 to the pair production of W and Z bosons and top quarks in γγ and e^+e^− collisions.^3 As above, all our considerations will be performed in the pole-scheme. We shall also confine ourselves to the case when no kinematic restrictions are imposed on the configurations of the final state particles. In general, as shown in [3], the kinematic cuts applied to the final state particles may induce significant changes in the energy behavior of the non-factorizable effects. We focus on the distributions in which the integration is performed over the momenta of the decay products keeping tracks of the invariant masses of the unstable particles.

In Sect. 2 and Sect. 3 it was shown that non-factorizable corrections due to interaction with decay dipoles are suppressed at high energy. Throughout this section we consider only this type of corrections. We do not discuss other corrections (factorizable corrections and nonfactorizable corrections due to propagation corrections) for which the suppression mechanism is not applicable.

4.1 Neutral unstable particles

We begin with the basic case when only neutral (both with respect to electromagnetic and color charges) particles participate in the production process and, therefore, only interference between radiation accompanying the decays occurs. This can be exemplified by the process

γγ → Z(p_1)Z(p_2) → 4 fermions (k_1, k^′_1; k_2, k^′_2), (87)

with p_{1,2} = k_{1,2} + k^′_{1,2}. The non-factorizable effects appear in the first order in QED and in the second order in QCD. In the case of color singlet unstable particles the QCD interconnection is additionally suppressed by 1/N^2_c compared to the leading QCD contribution, see e.g. [18] (N_c being the number of colors).

For the purposes of illustration it is sufficient to focus attention on the pure QED phenomena accompanying the process

γγ → Z(p_1)Z(p_2) → e^+(k_1)e^−(k^′_1)μ^+(k_2)μ^−(k^′_2). (88)

We present below an estimate of the energy behavior of the non-factorizable correction of order O(α^N ) induced by the exchanges of N virtual photons with momenta l_1, .., l_N between the decay products of the two Z’s.

Similarly to what we did in Sect. 2 in order to find the N-loop contribution we have to evaluate the integrals over the Born decay matrix element squared multiplied by the N nonfactorizable currents corresponding to radiation off the massless charged fermions with momenta

3Our approach may be generalized to the case of pair production of unstable particles in hadronic reactions (for discussion of the gluon bremsstrahlung effects accompanying the tt̄ production at hadron colliders see for instance [24]).

k_{1,2} and k^′_{1,2} keeping the momenta of the Z bosons, p_{1,2}, fixed I^{α1...αN} μν = ∫ d^4k_i d^4k^′_i δ(k^2_i ) δ(k^{′2}_i ) δ^4(p_i − k_i − k^′_i) × Δ_{μν} × ( k_i k_il_1 − k^′_i k^′_il_1 )α_1 . . . ( k_i k_il_N − k^′_i k^′_il_N )α_N , (89)

where i = 1, 2.

The new element with respect to the consideration of Sect. 2 is the appearance of the decay tensor Δ_{μν} , which results from the vector nature of the decaying particles. The indices μ, ν will be contracted with the rest of the Born matrix element squared. The indices α_1 . . . α_N will be contracted with the corresponding indices of the non-factorizable currents from the second unstable particle. Δ_{μν} can be decomposed into two contributions with different P -parity

Δ_{μν} = Δ^V_{μν} + Δ^A_{μν} (90) Δ^V_{μν} ∼ k_μk^′_ν + k^′_μk_ν − (kk^′)g_{μν} , Δ^A_{μν} ∼ ϵ_{μνσρ}k^σk^{′ρ}. (91) The Δ^V_{μν} piece corresponds to the (V^2 + A^2) contribution to the matrix element squared while Δ^A_{μν} results from the (V A) interference. We shall call them (V^2 + A^2) and (V A) contributions respectively.

Similarly to Sect. 2 we introduce the new variables

k^μ_i = 1 2 (p^μ_i + Δ^μ_i ), k^{′μ}_i = 1 2 (p^μ_i − Δ^μ_i ). (92)

In terms of these new variables the decay tensor components Δ^{V,A}_{μν} can be rewritten as

Δ^V_{μν} = 1 2 [ p^μp^ν − M^2g^{μν} − Δ^μΔ^ν ] , Δ^A_{μν} = 1 2 ϵ_{μνσρ}Δ^σp^ρ. (93) We immediately see from Eq. (93) that the Δ-dependent part of the (V^2 + A^2) component is suppressed by a factor ∼ M^2/E^2 as compared to the leading term while the (V A) component is suppressed by O(M/E) factor with respect to the leading (V^2 + A^2) part.

Let us perform an integration over the final state particle momenta in Eq. (89) (see Sect. 2 and, in particular, Eq. (30) and Eq. (33)) and evaluate the high-energy behavior of different components of the N-loop tensor I^{α1...αN}_{μν} V (A)Iα1...α_N μν = ∫ Δ Δ^{V (A)}_{μν} · ( k kl_1 − k^′ k^′l_1 )α_1 . . . ( k kl_N − k^′ k^′l_N )α_N . (94)

The result depends on whether N is odd or even V I^{α1...αN} μν ∼ { 0, for N odd, Born · Γ^{−N} , for N even.

(95)

AI^{α1...αN} μν ∼ { Born · Γ^{−N} · M/E, for N odd, 0, for N even.

(96)

Here “Born” is a symbolic notation for the leading (V^2 + A^2) contribution to the Born matrix element squared.

Power-counting rules established in Sect. 2 allow one to estimate the suppression factors corresponding to the different parts of the non-factorizable correction to the cross section of the process (88). The results are summarized in Table 1 where the notations (V^2 + A^2) – (V^2 + A^2), (V^2 + A^2) – (V A), (V A) – (V A) are used to specify the interference between the different contributions into the Born decay matrix element squared of each Z-boson.

N Born

(V 2 + A2) – (V 2 + A2) (V 2 + A2) – (V A) (V A) – (V A)

N-even (M/E)^{2N} 0 0 N-odd 0 0 (M/E)^{2N +2}

Table 1: Estimates of the energy dependence of the O(α^N ) non-factorizable correction, δ_{nf}, integrated over the momenta of the decay products for different interference contributions corresponding to the process (88).

As follows from Table 1, the one-loop QED non-factorizable corrections to the cross section of the process (88) for different final states may appear only as a result of the (V A) – (V A) decay interference and in practice are numerically small (see Ref. [16]). This term scales as E^{−4} with the CMS energy, which is in accord with the earlier observation in Ref. [17]. The two-loop QED interconnection effects are caused by the interference of the P -even terms (V^2 + A^2) – (V^2 + A^2), and their contribution also scales as E^{−4}. Symbolically, the four leading QED terms in relative non-factorizable correction, δ_{nf}, for the process (88) can be presented as

δ_{nf} ∼ r_A α ( M E )_4[

1 + α^2 ( M E )_4 + . . . ] + α^2 (M E )_4[

1 + α^2 ( M E )_4 + . . . ] , (97)

where parameter r_A is determined by the product of vector and axial couplings of the corresponding neutral current. Therefore, the actual parameter of the perturbation theory in δ_{nf} separately for even and odd powers of α is α^2(M/E)^4, and the series in Eq. (97) rapidly converges at E ≫ M.

All these observations remain valid for the decay-decay part of the QED non-factorizable corrections to the process

e^+e^− → Z(p_1)Z(p_2) → 4 fermions (k_1, k^′_1; k_2, k^′_2), (98)

The difference is that now there are also production-decay QED interferences, which were absent in the process (88). Estimates for production-decay interferences are in general different from those for the decay-decay interferences.

Let us now turn to the QCD non-factorizable corrections to the processes (87) and (98) with final state quarks. Due to the group structure of QCD these can appear only at N ≥ 2, see e.g. [18]. Only the (V^2 + A^2) – (V^2 + A^2) decay-decay gluon interference survives at N = 2 with the energy scaling E^{−4}. As we discussed in Sect. 3.3.2, in QCD the separation between higher-order non-factorizable corrections due to interaction with decay dipoles, which is of interest to us here, and non-factorizable propagation corrections is complicated due to the non-abelian structure of the gauge group. This separation is correctly understood in terms of different operators in the Lagrangian of the effective theory discussed in Sect. 3.3.2. What we estimate here are the leading non-factorizable corrections due to operators describing decay dipole interactions. Using Table 1 we can see that the four leading terms in δ^{QCD}_{nf} can be written symbolically as

δ^{QCD}_{nf} ∼ α^2_S (M E )_4[

1 + α^2_S (M E )_4 + . . . ] + r_Aα^3_S (M E )_8[

1 + α^2_S (M E )_4 + . . . ] . (99)

The N_c dependence of non-factorizable corrections might be of special interest. The exact formula is complicated for arbitrary order, N, however, the leading N_c dependence is easy to estimate and goes as (C_F α_S)^N /N^2_c ∼ (N_cα_S)^N /N^2_c . This means that the actual parameter of the perturbation theory separately for even and odd powers of α_S is N^2_c α^2_S(M/E)^4. The same conclusion remains valid for the QCD non-factorizable corrections to the process

e^+e^−[γγ] → W^+W^− → 4 quarks. (100)

The main qualitative difference between the W^+W^− and ZZ interconnection results stems from the difference in the vector and axial couplings of the W and Z bosons. Note that since the Z mass and other properties are well known, ZZ production provides a unique laboratory for studying QCD interconnection phenomena [18, 19].

Formally, the application of perturbation theory to the description of non-factorizable QCD phenomena accompanying ZZ and W^+W^− production at E ≫ M is restricted by the requirement that the typical space-time separation between the decay vertices does not exceed the characteristic strong interaction scale R_{ch} ∼ 1/μ, where μ ∼ m_π ∼ Λ_{QCD}, d ∼ 1/ΓE/M < 1/μ, (101) see Refs. [6, 18]. In other words, remembering that the life-time of an unstable particle in the laboratory frame is t_{dec} ∼ E M 1 Γ , (102)

we can say that this condition implies that the decay happens before the formation of the first interconnecting hadrons.

At the same time, since the relevant momentum scale for the non-factorizable effects is k ∼ 1/d the requirement Eq. (101) coincides with the Landau pole condition for α_S associated with the δ^{QCD}_{nf} correction. Therefore, even though formally the perturbative results at very high energies are not justified our estimates show that in the non-controllable domain the δ^{QCD}_{nf} corrections due to interaction with products of decay are decreasing very sharply with increasing energy, if the two outgoing hadronic systems are more and more boosted apart. Moreover, the higher is the power of α_S coupling to the decay dipoles the steeper is the energy fall-off. The corrections to propagation, on the other hand, are not suppressed at high energy. At large α_S the description of propagation becomes purely non-perturbative. In is worthwhile to mention that the non-perturbative models predict that the hadronic cross-talk between the decaying particles dampens with energy comparatively slowly [19, 25].

4.2 Charged unstable particles

In the case of charged, unstable particles both types of non-factorizable corrections are present: decay-decay and production-decay. We shall consider only the decay-decay part. Our analysis embraces, in particular, QED effects in the W^+W^− production process and QCD effects in the production and decay of a tt̄ pair tt̄ → bW^+b̄W^−. (103) Let us consider the case when the “charged” (with respect to QED or QCD interactions as appropriate) unstable particle with momentum p^μ decays into a “charged” massless particle with momentum k^μ and a “neutral” particle with momentum k^{′μ}. We begin with vector-boson pair production accompanied by the leptonic decays. Analogously to the previous subsection we introduce the new variable Δ (see Eq. (92)) and evaluate the high-energy behavior of the N-loop tensors^{V (A)}I^{α1...αN}_{μν} V (A)Iα1...α_N μν = ∫ Δ Δ^{V (A)}_{μν} · ( p pl_1 − k kl_1 )α_1 . . . ( p pl_N − k kl_N )α_N . (104)

Here the contributions with different P -parity are determined by the Born decay matrix elements. Repeating the same procedure as in the derivation of Eqs. (95) and (96) we arrive at V I^{α1...αN} μν ∼ { Born · Γ^{−N} · M/E, for odd N, Born · Γ^{−N} , for even N.

(105) AI^{α1...αN} μν ∼ { Born · Γ^{−N} · M/E, for odd N , Born · Γ^{−N} · M^2/E^2, for even N .

(106)

Again, “Born” is a symbolic notation for the leading (V^2 + A^2) contribution to the Born matrix element squared. Recall that the main difference with respect to the case of neutral particles is caused by the presence of the odd powers of Δ in the expansion of the decay currents over Δ.

The estimates for the energy scaling of the non-factorizable corrections caused by the finalfinal interferences are summarized in Table 2.

From Table 2 we can see immediately that the leading part of the decay-decay interference contribution to δ^{QED}_{nf} in the case of the W^+W^− production scales with energy as E^{−4}. This was first established in Ref. [17]. Symbolically the four leading QED terms for this process can be written as

δ_{nf} ∼ α ( M E )_4[

1 + α^2 (M E )_4 + . . . ] + α^2 ( M E )_4[

1 + α^2 ( M E )_4 + . . . ] , (107)

N_1, N_2 Born

(V 2 + A2) – (V 2 + A2) (V 2 + A2) – (V A) (V A) – (V A)

N-even (M/E)^{2N} (M/E)^{2N +2} (M/E)^{2N +4} N-odd (M/E)^{2N +2} (M/E)^{2N +2} (M/E)^{2N +2}

Table 2: Estimates of the energy dependence of the O(α^N ) non-factorizable corrections, integrated over the momenta of the decay products for the decay-decay interference contributions associated with the “charged” unstable particle production.

A similar argumentation remains valid for the QCD non-factorizable corrections corresponding to the tt̄ production process

γγ(e^+e^−) → tt̄ → bW^+b̄W^−, (108)

with α substituted by α_S. Recall that in the tt̄ case there is no color suppression in δ^{QCD}_{nf} if the pair is produced in the color singlet state and there is an additional 1/N^2_c suppression for the case of the octet tt̄ state [24, 15]. Analogously to the case of color-singlet unstable particle production discussed above the perturbative results for δ^{QCD}_{nf} are fully controllable only if the restriction Eq. (101) is satisfied.

We stress again that for the charged particles case this estimates are not complete. For the evaluation of the magnitude of the total QCD interconnection effects one has to incorporate also production-decay interferences and real radiation.

5 Conclusions

In the near future, the direct evaluation of two-loop corrections to processes involving unstable particles is not feasible, not to mention even higher order corrections. In view of the phenomenological importance of these processes, however, it is essential to improve our understanding beyond the presently available one-loop calculations. In this paper we took a first step in this direction by analyzing higher-order radiative corrections to pair production of unstable particles with their subsequent decay.

Having a future linear collider in mind, we are particularly interested in the high-energy behavior, E ≫ M, of the corrections. We identified various effects and studied their behavior/suppression at high energy. In particular, we considered distributions that are obtained by integrating over the angles of the decay products, but keeping their invariant mass fixed.

As a first case, we studied neutral, unstable particles decaying into fermions that interact through the exchange of abelian gauge bosons. This is the simplest case and can be analyzed by studying Feynman diagrams. By extending the well known one-loop analyses [5, 13, 14], we found that to all orders in perturbation theory the complete corrections have the following structure: there are factorizable and non-factorizable corrections and interferences between them that factorize with respect to each other, Eq. (21). The factorizable corrections are associated with a hard scale ∼ E, whereas the non-factorizable corrections are associated with a soft scale ∼ ΓM/E. Furthermore, there are two sources of non-factorizable corrections, namely interactions of the gauge bosons with the decay dipoles and propagator corrections of the gauge bosons.

Since the various corrections listed above have a different physical origin it is to be expected that their high-energy behavior is different. Indeed, we found that the corrections due to the interaction with the dipoles is — on top of the usual coupling constant suppression — additionally suppressed at high energies, Eqs. (38) and (39). The other corrections identified above do not have such an additional suppression. This analysis can be generalized to the case of charged, unstable particles and similar results are found, Eqs. (44) and (45).

The extension of such an analysis to the non-abelian case is a rather daunting task. The reason is that the self-coupling of the gauge bosons complicates the matter enormously. In particular, most diagrams will now contribute to several types of corrections, rather than just one. Therefore, it was necessary to tackle this problem in a different way. Since the separation of the full corrections into various parts relies on the presence of two different scales, Λ_1 ∼ E, Λ_2 ∼ ΓM/E with Λ_1 ≫ Λ_2, an effective theory approach looks very promising.

In order to pursue this we identified the relevant fields present in the underlying theory: hard, resonant, soft and external. By subsequently integrating out the various fields we obtain a hierarchy of effective field theories. The first step is to integrate out the hard modes. This leaves us with a theory where only resonant, soft and external particles are dynamical. The factorizable corrections are those that are encoded in the (higher order corrections to the) Wilson coefficients, whereas the non-factorizable corrections are the corrections due to the still dynamical degrees of freedom. What we have gained is that the generalization of this separation to higher orders in the coupling constant and to the non-abelian case is straightforward. Throughout the paper we restrict ourselves to the leading terms in Λ_2/Λ_1. In this approximation, the effective theory is equivalent to the DPA of the underlying theory.

The second step in constructing an effective field theory is to integrate out the resonant modes. The corresponding effective Lagrangian contains again (non-local) gauge-invariant operators, multiplied by Wilson coefficients. Some of these operators are responsible for the propagator corrections and some are responsible for the dipole interactions. Thus, in the same way as integrating out hard modes provided us with a separation of factorizable and nonfactorizable interactions, integrating out resonant modes allows us to separate the two kinds of non-factorizable corrections. As a consequence of the gauge invariance of the operators, this separation is also gauge invariant.

In order to obtain estimates of the various corrections similar to those obtained by analyzing Feynman diagrams, all we have to do is to get estimates of the Wilson coefficients of the corresponding operators. These estimates can be obtained by general considerations, i.e. without explicitly knowing the Wilson coefficient. Thereby we generalize the estimates obtained in the abelian case to the non-abelian case. Obviously, if we wanted to do a precise calculation in the effective theory we would need the exact form of the Wilson coefficient. They have to be obtained through matching the effective theory to the underlying theory. We have done this matching for the operators corresponding to the emission of up to three gauge bosons, thereby confirming the estimates obtained by general considerations.

We applied the estimates to several phenomenologically relevant processes. The actual estimate depends on the structure of the Born term. Also, it is important to stress again that the estimates obtained here are valid only for the non-factorizable corrections due to dipole interactions for distributions integrated over the decay angles. Furthermore, in the effective theory approach we considered the case of neutral, unstable particles only.

In the case of charged, unstable particles there are additional non-factorizable corrections of the production-decay type. In the effective theory language this means that the operator associated with P, Eq. (53), is more complicated than given in Eq. (55). Allowing for the emission of gauge bosons from the unstable particle production process results in more complicated operators in the effective Lagrangian. In order to obtain estimates in this case one would have to construct these operators and obtain estimates of the corresponding Wilson coefficients.

Another possible future development is the inclusion of real gauge-boson radiation. As mentioned in the introduction, real gauge-boson radiation contributes to the non-factorizable corrections. In this paper, we have left this issue completely aside. However, adding real radiation and performing an integration over the phase space could certainly be studied in the effective theory framework.

Finally, we would like to mention the possibility to extend this analysis beyond leading order in Λ_2/Λ_1. As mentioned above, if we keep only the leading terms in Λ_2/Λ_1 after integrating out the hard modes we recover the DPA of the underlying theory. Since there is nothing that prevents us to go beyond the leading terms in Λ_2/Λ_1, the effective theory approach opens up the possibility to go beyond the DPA in a systematic way.

In summary, we studied the structure of higher-order corrections in the presence of unstable particles, exploring an effective field theory approach to the problem. Even though we made several simplifying restrictions this approach is very promising and seems to allow to look at a whole set of problems from a different, more promising, point of view.

Acknowledgements

VAK thanks the Leverhulme Trust for a Fellowship. Work supported in part by the EU Fifth Framework Programme ‘Improving Human Potential’, Research Training Network ‘Particle Physics Phenomenology at High Energy Colliders’, contract HPRN-CT-2000-00149.

A Expansion of loop integrals

In this appendix we consider an example of the separation of factorizable and non-factorizable corrections to all orders in Λ_2/Λ_1. We use an expansion of loop integrals in dimensional regularization by letting the loop momenta be in all relevant momentum regions [23, 26]. This expansion is equivalent to our effective field theory framework.

The diagram we consider here is shown in Fig. 5(c) and contains both factorizable and non-factorizable contributions. The scalar integral associated with this diagram is I = ∫ dl l^2 1 (l^2 − 2kl)(l^2 − 2pl + D)

, (A1)

where k^2 = m^2, p^2 = M^2, M ≫ D ≫ m. The integral is IR and UV finite and, thus, does not require regularization. The exact result is I = iπ^2 M^2 [ ln M^2 m^2 ln −D M^2 − D

− Li_2 ( D M^2 ) − 1 2 ln^2

M^2 − D M^2 − π^2 6 ] . (A2)

In order to expand the loop integral in D/M^2 we should assume the loop momentum to be in one of the following two regions: soft, l ∼ D/M, and hard, l ∼ M. Then we have to expand the integrand and perform the integrations over the full momentum space in dimensional regularization.

I = I_{soft} + I_{hard} = ∫ dl l^2 1 (−2kl)(−2pl + D) + ∫ dl l^2 1 (l^2 − 2kl)(l^2 − 2pl) ∞∑ n=0 ( −D l^2 − 2pl )n . (A3)

There is only one (the leading) term in the soft momentum expansion because in higher orders the l^2 term in the denominator will be cancelled. The resulting integrals are scaleless and vanish in dimensional regularization. The soft integral is UV divergent, and the hard integral is IR divergent. These divergences should be regularized by dimensional regularization and they will cancel in the sum.

The soft integral is

I_{soft} = − iπ^2 M^2 [ ln M m ( 1 ϵ − γ − ln π + 2 ln

M^2 −D − ln M^2 ) + ln^2 M m + π^2 6 ] . (A4)

For n = 0 the hard integral is given by ∫ dl l^2 1 (l^2 − 2kl)(l^2 − 2pl) = iπ^2 M^2 [ ln M m ( 1 ϵ − γ − ln π − ln M^2 ) + ln^2 M m ] . (A5)

whereas for n ≥ 1 the integrals are finite and given by ∫ dl l^2 1 (l^2 − 2kl)(l^2 − 2pl) ∞∑ n=1 ( −D l^2 − 2pl )n = (A6) iπ^2 M^2 [ − ln ( 1 − D M^2 ) ln M^2 m^2

− Li_2 ( D M^2 ) − 1 2 ln^2 ( 1 − D M^2 )] . As expected, the sum of I_{soft} and I_{hard} reproduce the full result.

B Matching calculation

In this appendix we give some details concerning the matching of the (ψ̄ψ)F^3 operator defined in Eq. (67). To do this matching, we first have to evaluate the contribution of the operator (ψ̄ψ)F^2, Eq. (63), to three-gluon processes. The Wilson coefficient Σ^{(3)}_{μ1ν1μ2ν2μ3ν3} (k, k^′|l_1, l_2, l_3) is then determined such that the full result in the effective theory is the same as in QCD.

The operator (ψ̄ψ)F^2 yields two different contributions to three-gluon processes. The first is obtained by taking the leading term in the path ordered exponentials, U(z_1, z_2) = 1, while taking the abelian part of one of the two field tensors F_{μν} and the commutator term of the other. The evaluation of these terms is straightforward. The second contribution is obtained by taking the abelian part in both field tensors but the order g term in one path ordered exponential. In this case we have to evaluate expressions of the form

(l^{μ1}_1 g^{ν1α1} − l^{ν1}_1 g^{μ1α1} )(l^{μ2}_2 g^{ν2α2} − l^{ν2}_2 g^{μ2α2} )(Tr (T^{a1} T^{a2}T^{a3} ) − Tr (T^{a1}T^{a3} T^{a2})) (B1) ∫ dxdyd^2zd^4s e^{is1(x−X)}e^{is2(y−X)}e^{is3(z1−X)}e^{is4(z2−X)}e^{−ikx}e^{−ik} 0_y e^{−il1z1} e^{−il2z2} Σ^{(2)}_{μ1ν1μ2ν2} (s_1, s_2|s_3, s_4)(−ig) ∫ z_2 z1 dω^{α3} e^{−il3ω} + {1 ↔ 2 ↔ 3} where l_i, α_i and a_i are the momenta, Lorentz indices and color labels of the gluons respectively. The first point to note is that this contribution depends on the chosen path from z_1 to z_2. This path dependence has to be cancelled by the contribution of the operator (ψ̄ψ)F^3. From this we conclude that the precise form of the corresponding Wilson coefficient Σ^{(3)} is path dependent.

To illustrate this point we will consider the matching for two different paths. It is convenient to split the tensor Σ^{(3)} into a color symmetric and antisymmetric piece

Σ^{(3)}_{μ1ν1μ2ν2μ3ν3} (k, k^′|l_1, l_2, l_3) = Σ^{(3;+)}_{μ1ν1μ2ν2μ3ν3} (k, k^′|l_1, l_2, l_3) + Σ^{(3;−)}_{μ1ν1μ2ν2μ3ν3} (k, k^′|l_1, l_2, l_3) (B2)

The tensor Σ^{(3;+)} will be proportional to a color factor 1/2 (Tr (T^{a1}T^{a2}T^{a3} ) + Tr (T^{a1} T^{a3}T^{a2} )) while the Σ^{(3;−)} terms will come with a color factor 1/2 (Tr (T^{a1}T^{a2} T^{a3}) − Tr (T^{a1}T^{a3}T^{a2} )). The symmetric part is exactly the same as in the abelian theory and is given in Eq. (61) with N = 3. The antisymmetric part is the new feature of the non-abelian case and contains all the path dependence.

The first path we consider is the linear path. In this case ∫ z_2 z1 dω^{α3} e^{−il3ω} = i z^{α3}_2 − z^{α3}_1 l_3 · (z_2 − z_1) ( e^{−il3z2} − e^{−il3z1} ) (B3)

Thus the contribution of the operator (ψ̄ψ)F^2 to three-gluon processes given in Eq. (B1) will contain logarithms with ratios of scalar products of momenta as arguments. Since the QCD result does not contain such logarithms, they will have to be cancelled by the operator (ψ̄ψ)F^3. As a result, the corresponding Wilson coefficient Σ^{(3;−)} will contain some logarithms.

In order to facilitate the presentation of the result let us introduce the shorthand notations l_{ij...} ≡ l_i + l_j + . . . (B4) s_{kk}0(l_i, l_j) ≡ k · l_i k^′ · l_j − k · l_j k^′ · l_i (B5) s_{kk}0(l_i, l_j, l_k) ≡ k · l_i k^′ · l_j + k · l_j k^′ · l_j + k · l_j k^′ · l_k (B6)

and the auxiliary function f_{aux}

f_{aux}(k, k^′; l_1, l_2, l_3) ≡ 1 4 k · l_1 k · l_{12} k · l_{123} k^′ · l_1 k^′ · l_2 k^′ · l_3

(B7) + (k · l_2)^2 2 k · l_1 k · l_{12} k · l_{123} k^′ · l_2 s_{kk}0(l_1, l_2) s^2_{kk}0(l_1, l_2, l_3) − k · l_2 k · l_{123} ( 1 s_{kk}0(l_1, l_2) s^2_{kk}0(l_1, l_2, l_3) + 1 s^2_{kk}0(l_1, l_2) s_{kk}0(l_1, l_2, l_3) ) log ( k · l_1 k · l_{12} )

The explicit form of the matching coefficient can then be written as

Σ^{(3;−)}_{μ1ν1μ2ν2μ3ν3} (k, k^′|l_1, l_2, l_3) = 1 2^3

(k_{μ1} k^′_{ν1} − k^′_{μ1} k_{ν1} )(k_{μ2} k^′_{ν2} − k^′_{μ2} k_{ν2} )(k_{μ3} k^′_{ν3} − k^′_{μ3} k_{ν3} ) (B8) × ( f_{aux}(k, k^′; l_1, l_2, l_3) − f_{aux}(k, k^′; l_1, l_3, l_2) − f_{aux}(k^′, k; l_1, l_2, l_3) + f_{aux}(k^′, k; l_1, l_3, l_2) )

We should mention that the form of the matching coefficient is not unique, since it only enters in a symmetric combination in any calculation. The important point is that the explicit form of the matching coefficient Eq. (B8) is compatible with the estimate given in Eq. (68).

Let us now consider a second path. In order to evaluate the expression given in Eq. (B1) we choose the following path. We start at z_1 and follow a linear path to the intermediate point w^{α3} = z^{α3}_1 + l^{α3}_3 l_3 · (z_2 − z_1)/l_3 · l_3 from where we follow again a linear path to z_2. This path has the advantage that ∫ z_2 z1 dω^{α3} e^{−il3ω} = i l^{α3}_3 l_3 · l_3 ( e^{−il3z2} − e^{−il3z1} ) + z^{α3}_2 − z^{α3}_1 − l^{α3}_3 l_3 · (z_2 − z_1) l_3 · l_3

(B9)

and, therefore, Eq. (B1) will not yield logarithms upon integration. However, the presence of terms proportional to l^{α3}_3 in Eq. (B9) results in a more complicated tensor structure of the Wilson coefficient. Instead of being proportional to k_{μi} or k^′_{νi} only, the matching coefficient will also contain tensor structures with one of the fermion momenta replaced by a gluon momentum. The explicit result is

Σ^{(3;−)}_{μ1ν1μ2ν2μ3ν3} (k, k^′|l_1, l_2, l_3) = (B10) 1 2^3

(k_{μ1} k^′_{ν1} − k^′_{μ1} k_{ν1} )(k_{μ2} k^′_{ν2} − k^′_{μ2} k_{ν2} )(k_{μ3} k^′_{ν3} − k^′_{μ3} k_{ν3} )Σ^{(3;L}

�_)

(k, k^′|l_1, l_2, l_3) + 1 2^3 ∑ σ (−1)^σ l_{1 μ1} k^′_{ν1} (k_{μ2} k^′_{ν2} − k^′_{μ2} k_{ν2} )(k_{μ3} k^′_{ν3} − k^′_{μ3} k_{ν3} )Σ^{(3;SL}

�_)

(k, k^′|l_1, l_2, l_3) where the sum consists of twelve terms that are obtained by taking all permutations of {1, 2, 3} as well as the interchange terms k ↔ k^′. The factor (−1)^σ denotes the sign of the permutation of {1, 2, 3}. The explicit form of the scalar coefficients is

Σ^{(3;L}

�_) (k, k^′|l_1, l_2, l_3) = (B11) 1 2 k · l_2 k · l_3 k^′ · l_2 k^′ · l_3 ( 1 k · l_1 k · l_{12} − 1 k^′ · l_{12} k · l_1 )

Σ^{(3;SL}

�_) (k, k^′|l_1, l_2, l_3) = (B12) 1 3 l_1 · l_1 k · l_3 k^′ · l_3 ( 2 k · l_2 k^′ · l_2 k^′ · l_3 − 1 k · l_{12} k^′ · l_1 k^′ · l_{12} )

Note that all terms in Σ^{(3;−)} that are proportional to one of the gluon momenta are path dependent and will be cancelled by corresponding terms coming from the (ψ̄ψ)F^2 operator. Therefore, as for the linear path, the explicit form of the matching coefficient is in agreement with Eq. (68).

References

[1] for a recent review see J.A. Aguilar-Saavedra et al., Tesla Technical Design Report Part III: Physics at an e^+ e^− Linear Collider, hep–ph/0106315.

[2] for a recent review see A. Badelek et al., Tesla Technical Design Report Part IV, Chapter I: The Photon Collider at TESLA, hep–ex/0108012.

[3] A.P. Chapovsky, V.A. Khoze and W.J. Stirling, Eur. Phys. J. C18 (2000) 73.

[4] R.G. Stuart, Phys. Lett. B262 (1991) 113;

A. Aeppli, G.J. van Oldenborgh and D. Wyler, Nucl. Phys. B428 (1994) 126.

[5] W. Beenakker, F.A. Berends and A.P. Chapovsky, Nucl. Phys. B548 (1999) 3-59;

A. Denner, S. Dittmaier, M. Roth and D. Wackeroth, Phys. Lett. B475 (2000) 127; Nucl. Phys. B587 (2000) 67;

S. Jadach et al., Phys. Rev. D61 (2000) 113010.

[6] V.A. Khoze, L.H. Orr and W.J. Stirling, Nucl. Phys. B378 (1992) 413.

[7] Yu.L. Dokshitzer, V.A. Khoze, L.H. Orr and W.J. Stirling, Nucl. Phys. B403 (1993) 65;

Phys. Lett. B313 (1993) 171.

[8] V.A. Khoze and W.J. Stirling, Phys. Lett. B356 (1995) 373.

[9] V.A. Khoze and T. Sjöstrand, Z. Phys. C70 (1996) 625.

[10] V.S. Fadin, V.A. Khoze and A.D. Martin, Phys. Rev. D49 (1994) 2247; Phys. Lett. B320 (1994) 141.

[11] K. Melnikov and O. Yakovlev, Phys. Lett. B324 (1994) 217. [12] K. Melnikov and O. Yakovlev, Nucl. Phys. B471 (1996) 90;

[13] W. Beenakker, A.P. Chapovsky and F.A. Berends, Phys. Lett. B411 (1997) 203-210; Nucl.

Phys. B508 (1997) 17-63.

[14] A. Denner, S. Dittmaier and M. Roth, Nucl. Phys. B519 (1998) 39-84. [15] W. Beenakker, F.A. Berends and A.P. Chapovsky, Phys. Lett. B454 (1999) 129-136 [16] A. Denner, S. Dittmaier and M. Roth, Phys. Lett. B429 (1998) 145-150. [17] A.P. Chapovsky and V.A. Khoze, Eur. Phys. J. C9 (1999) 449.

[18] T. Sjöstrand and V.A. Khoze, Z. Phys. C62 (1994) 281; Phys. Rev. Lett. 72 (1994) 28. [19] V.A. Khoze and T. Sjöstrand, hep–ph/9912297. [20] see for recent review P. de Jong, hep–ex/0103018;

D. Duchesneau, Nucl. Phys. Suppl. 96 (2001) 13. [21] V.A. Khoze and T. Sjöstrand, Phys. Lett. B328 (1994) 466.

[22] A. Pineda and J. Soto, Nucl. Phys. Proc. Suppl. 64 (1998) 428; Phys. Rev. D59 (1999) 016005;

N. Brambilla, A. Pineda, J. Soto and A. Vairo, Nucl. Phys. B566 (2000) 275. [23] M. Beneke and V.A. Smirnov, Nucl. Phys. B522 (1998) 321-344. [24] V.A. Khoze, J. Ohnemus and W.J. Stirling, Phys. Rev. D49 (1994) 1237. [25] V.A. Khoze and T. Sjöstrand, Eur. Phys. J. C6 (1999) 271-284. [26] V.A. Smirnov, hep–ph/0101152.