arXiv:nucl-th/0203078 v1 28 Mar 2002

KVI/2gam

Virtual-pion and two-photon production in pp scattering

O. Scholten^∗ Kernfysisch Versneller Instituut, University of Groningen, 9747 AA Groningen, The Netherlands

A. Yu. Korchin^† Department of Subatomic and Radiation Physics, University of Gent, B-9000 Gent, Belgium (Dated: March 29, 2002)

Two-photon production in pp scattering is proposed as a means of studying virtual-pion emission. Such a process is complementary to real-pion emission in pp scattering. The virtual-pion signal is embedded in a background of double-photon bremsstrahlung. We have developed a model to describe this background process and show that in certain parts of phase space the virtual-pion signal gives significant contribution. In addition, through interference with the two-photon bremsstrahlung background, one can determine the relative phase of the virtual-pion process.

PACS numbers: 13.30.-a, 13.40.-f, 13.40.Gp, 13.40.Hq, 13.60.Fz

I. INTRODUCTION

Near-threshold pion production in proton-proton scattering has a long history [1, 2]. More recently it has attracted much attention after precise data have become available from experiments at IUCF [3] and [4]. These showed that this relatively simple reaction is apparently poorly understood. Earlier works showed large discrepancy between the calculations and the data [5, 6]. Later several different mechanisms such as heavy meson exchange [7, 8], off-shell structure of the T-matrix [9, 10], heavy meson exchange currents [11], and approximations used in the calculation of the loop contributions [12] have been proposed to explain this problem in the earlier calculations. Calculations in a relativistic oneboson-exchange model [13] and non-relativistic potential model [14] on the other hand appear to reproduce the data rather well.

In this work we propose to extend the available kinematical regime for neutral-pion production by investigating the process of virtual π^0 emission which can be observed through its two-photon decay. The interest in this process is manyfold. For example, the importance of off-shell form factors or the off-shell structure of the T-matrix [9, 10] can be investigated when an extended kinematical regime is available for measuring this reaction. In addition, studying virtual-pion production below the threshold for real-pion production in proton-proton scattering implies an important simplification in the description of the process since the inelasticities, always present in the pion-nucleon scattering, are absent for virtual pions. More importantly, interference of two-photon production via a virtual pion with the background due to two-photon bremsstrahlung will determine the rela-

†Permanent address: National Science Center ‘Kharkov Institute of Physics and Technology’, 61108 Kharkov, Ukraine ∗Electronic address: scholten@kvi.nl; URL: http://www.kvi.nl/

~scholten

tive sign of the matrix elements. This will allow for a better insight in the underlying pion-production process. The sign is relevant regarding the discussion of the constructive v.s. destructive interference of the higher-order diagrams in a field-theoretical approach [12, 15, 16, 17].

To describe the “background”, two-photon bremsstrahlung, cross section we have developed a Soft-Photon Model (SPM) for two-photon emission.

In this context SPM implies a covariant model satisfying gauge invariance, which obeys the proper lowenergy theorem for small photon momenta (for example, for the one-photon bremsstrahlung the leading two orders in powers of the photon energy satisfy model-independent constraints [18]). As a first step towards such an SPM, we develop in section II a new SPM for the single-photon bremsstrahlung amplitude. This novel SPM, based on a power-series expansion of the T-matrix, combines ideas of the two SPM’s which are frequently used for singlephoton bremsstrahlung in pp scattering: the original SPM [19, 20], which is directly inspired by the derivation of the low-energy theorem for bremsstrahlung by Low [18], and a later one proposed in ref. [21], which has been very successful in reproducing the observed cross sections [22, 23]. The important distinction of the new SPM from the existing two is that no explicit contact terms, or the so-called internal contributions, need to be introduced. This feature makes it the most suitable model for developing the Two-Soft-Photon Model (2SPM) as discussed at the end of section II. Such a 2SPM may also be used to calculate the background twophoton signal in the search for di-baryon states [24].

In this work, where the emphasis is placed on the feasibility of detecting the virtual-π^0 signal, we have also employed a relatively simple covariant model to describe the pion-emission process. This model is discussed in detail in section III. The predictions of this model are shown to reproduce data on real-pion emission.

In section IV explicit calculations are presented for two-photon production where both mechanisms, bremsstrahlung and virtual-π^0 emission, are taken into account. The parts of phase space are indicated where the second mechanism is relatively large. It is also demonstrated that interference between the two processes is very important.

II. THE SOFT-PHOTON MODEL

A starting point in an SPM description of bremsstrahlung in pp scattering is that the dominant -pole- contribution to the amplitude is derived from the Feynman diagrams where the photon is radiated off the external legs [18]. To this leading order, several higher-order, non-pole, terms need to be added which may correspond to meson-exchange, form-factor, and rescattering contributions. The observation made by Low, which is the essence of the low-energy theorem [18], is that in any description for the amplitude which has the correct pole structure and is gauge invariant, in a power expansion of the amplitude, the leading two powers are model independently given by an expression involving only on-shell (i.e. measurable) quantities, such as the non-radiative NN T-matrix, charge and magnetic moment of the nucleon.

In the formulation of a SPM description for bremsstrahlung this model independence of the leading contributions to the amplitude is exploited. In principle, the T-matrix entering in each of the pole diagrams needs to be evaluated at different off-shell kinematics. In an SPM one relates the off-shell T-matrix to the Tmatrix at an appropriately chosen on-shell kinematical point. Based on the low-energy theorem one can show that effects due to the off-shell structure of the T-matrix indeed can be ignored to a large extent. A necessary condition, that the full matrix element for the process is gauge invariant, is ensured by adding contact terms which are regular in the limit of vanishing photon momentum. As a result one obtains rather accurate predictions from such a model in spite of its simplicity. Due to the fact that the SPM’s satisfy the low-energy theorem, predictions are accurate as long as the nucleon-nucleon scattering amplitude varies little over an energy range of the order of the photon energy. In the past several SPM’s have been developed for pp bremsstrahlung. The earliest one is due to Low and Nyman [18, 19] and is based on a kind of power series expansion for the amplitude. This particular SPM [18, 19, 25] will be referred to as Low-SPM hereafter. More recently SPM’s were developed by Liou, Lin and Gibson [21], based on the explicit evaluation of the tree-level diagrams. The differences between the different versions lie in the particular choice of the on-shell kinematics at which the T-matrix is evaluated. Of particular interest for the discussion in this section is the SPM where the t and u Mandelstam variables are selected to define the on-shell kinematics for the T-matrix [21, 22, 25], which will be referred to as the tu-SPM hereafter.

The novel one- and two-photon bremsstrahlung SPM amplitudes developed in the following are based on a first-order power-series expansion of the T-matrix around an appropriately chosen kinematical point (inspired by the Low-SPM) which is used in the tu-SPM. This hybrid formulation (called here pse-SPM) can be shown to correspond to the Low-SPM with the exception of some additional terms proportional to the magnetic moment multiplied by derivatives of the T-matrix. On the other hand it would correspond to the tu-SPM if the T-matrix would depend linearly on the kinematical variables. The important advantage of our formulation is that the sum of the diagrams corresponding to radiation off external legs is already gauge invariant and one therefore does not have to introduce contact terms.

A. The single-photon bremsstrahlung matrix element

The antisymmetrized on-mass-shell T-matrix for proton-proton scattering can be decomposed in Lorentz scalars [29, 30] as

T (t, u) = 5∑ j=1 C_j(t, u)Ω^{(1)}_j · Ω^{j(2)} , (1)

where covariants Ω_j are taken from the set [29]

Ω_j = {1, γ_μ, σ_{μν}, γ_5, γ_5γ_μ} . (2)

Since only two of the three Mandelstam variables are independent for on-shell kinematics (s + t + u = 4m^2_p) we indicate only the dependence on (t, u) of the T -matrix and the invariant coefficients C_j(t, u). In order to arrive at the particular SPM (to be referred to as “pse-SPM”), which we will later extend to two-photon bremsstrahlung, it is essential to make a power-series expansion of the coefficients C_j of the T-matrix around a point (t̄, ū) which corresponds to some average kinematics, C^{pse}_j (t, u) = C_j(t̄, ū) + (t − t̄) ∂C_j (t, u) ∂t | | |_{t̄,ū} + (u − ū) ∂C_j (t, u) ∂u | | | |_{t̄,ū} , (3)

where derivatives are evaluated on-shell [25]. In order to guarantee antisymmetry of the bremsstrahlung amplitude under the interchange of identical particles [25], the point (t̄, ū) is defined according to

s̄ = (s_i + s_f )/2 − k^2/6 , t̄ = (t_1 + t_2)/2 − k^2/6 , (4)

ū = (u_1′_2 + u_{12}′ )/2 − k^2/6 ,

where k^2 is the invariant mass of the emitted particle (k^2 = 0 presently for a single real photon). The Mandelstam variables are defined as s_i = q^2_{si} and similarly for the others, where the 4-momenta

q_{u1′2} = p^′_1 − p_2 , q_{u12′} = p_1 − p^′_2 ,

q_{t1} = p_1 − p^′_1 , q_{t2} = p^′_2 − p_2 , (5) q_{si} = p_1 + p_2 , q_{sf} = p^′_1 + p^′_2 ,

are given explicitly in terms of the momenta of the incoming and outgoing protons for bremsstrahlung (see also Fig. (1)).

FIG. 1: Feynman diagrams included in the calculation of the single-photon bremsstrahlung amplitude. The dotted lines depict the T-matrix, wavy lines - the photon and solid lines - the proton.

Following ref. [21] the pole contribution to the amplitude is constructed by adding the contributions from the four Feynman diagrams corresponding to emission from each of the external legs (see Fig. (1)),

M^μ = ū_λ′_1 (p^′_1)ū_λ′_2 (p^′_2) [ T_1 S^{(1)}(p_1 − k) Γ^{μ(1)}

+ Γ^{μ(1)} S^{(1)}(p^′_1 + k) T_2 + T_3 S^{(2)}(p_2 − k) Γ^{μ(2)}

+ Γ^{μ(2)} S^{(2)}(p^′_2 + k) T_4 ] u_{λ2} (p_2)u_{λ1} (p_1) (6)

where the index on the T-matrix defines the kinematics at which it is evaluated. For the present SPM (adopted from the tu-SPM) the T-matrix is evaluated at an onshell point defined by the same values for the (t, u) variables as are appropriate for the off-shell T-matrix and can be read from the Feynman diagrams Fig. (1). Expressed in terms of the momenta of the in- and out-going protons these are,

T_1 = T (u_1′_2, t_2) , T_2 = T (u_{12}′ , t_2) T_3 = T (u_{12}′ , t_1) , T_4 = T (u_1′_2, t_1) . (7)

For the coefficients C_j(t, u) the power-series expansion Eq. (3) is used. Note that evaluation of the on-shell Tmatrix at (ū, t̄) implies for the energy s̄ = 4m^2_p − t̄ − ū. This value is different from the value which could be inferred from diagrams in Fig. (1). The usual expressions for the nucleon propagator, S(p) = i(p/ − m_p + i0)^{−1}, and photon vertex (photon momentum k directed out from the vertex), Γ^{μ(j)} = −ie [ γ^{μ(j)} − i κ 2m_p σ^{μν(j)}k_ν ] , (8)

have been used, where j = 1, 2 denotes the particle number and κ is the proton anomalous magnetic moment.

The amplitude given in Eq. (6) has the correct pole structure by construction and, as can be easily checked, is gauge invariant without having to add contact terms. Thus the amplitude in Eq. (6) obeys the low-energy theorem [18] and qualifies as a SPM amplitude.

Comparing the pse-SPM and Low-SPM (the version of ref. [25]) in some more detail one finds that most of the terms are identical, with the exception of additional terms in pse-SPM of the type κσ^{μν(1)}k_ν p/^′_1 + m_p 2k · p^′_1 [ (t_2 − t̄) ∂T ∂t + (u_{12}′ − ū) ∂T ∂u ]

−κ [ (t_2 − t̄) ∂T ∂t + (u_1′_2 − ū) ∂T ∂u ]p/_1 + m_p 2k · p_1 σ^{μν(1)}k_ν +(1 ↔ 2) . (9)

The obvious notation is used where^{∂T}_{∂t} implies the terms in the Taylor-series expansion of the T -matrix that contain the derivatives of the coefficients with respect to t. It can be shown that the terms in Eq. (9) are of order k and therefore the difference is beyond the low-energy theorem as one should have expected.

It is also important to mention that the absence of the contact (internal) contributions in the present SPM is a consequence of the choice u, t as independent variables in the T-matrix. Should s, t (or s, u) be chosen instead, additional contact terms would be required to restore the gauge invariance (compare e.g., with the original SPM’s of refs. [18, 19]).

1. Results for single-photon bremsstrahlung

In Fig. (2) the results for each of the three soft-photon models are compared with cross-section data obtained in a recent high precision experiment at KVI at 190 MeV incident energy [23]. The predictions of the present pse- SPM appear to lie right in between those of Low-SPM and tu-SPM. As such the present SPM appears to be in rather good agreement with the data even though the photon energy is relatively large (about 80 MeV).

Also shown is the analyzing power A_y for scattering of the polarized protons. These results suggest that Low- SPM gives a better description of the data [23] at 190 MeV than pse-SPM and tu-SPM. The latter models give close results.

B. The SPM for two-photon bremsstrahlung

The pse-SPM developed in the above can readily be extended to the case of two-photon bremsstrahlung since no explicit contact terms (which appear in the Low-SPM and in the tu-SPM) were introduced. One therefore does not have to deal with the complication of adding a twophoton contact term or discuss the modification of the single-photon contact term due to the presence of the second photon.

To obtain the two-photon equivalent of pse-SPM (pse- 2SPM) one proceeds in a similar manner as discussed in

FIG. 2: The differential cross section d^5σ/dΩ1dΩ2dθγ (upper panel) and the analyzing power Ay (lower panel) for singlephoton bremsstrahlung as functions of the photon angle. Prediction of different SPM’s (see text) are compared with recent data obtained at KVI [23] at a beam energy of 190 MeV. The angles of the outgoing protons are kept fixed at θ1 = 8^∘, θ2 = 16^∘ (left panel) and θ1 = 12^∘, θ2 = 18^∘ (right panel) for coplanar geometry.

FIG. 3: Feynman diagrams included in the calculation of the two-photon bremsstrahlung amplitude.

the previous section. The T-matrix is written in terms of a power-series expansion around the point of average kinematics as given in Eq. (4), where k^2 now equals m^2_{γγ} , the invariant mass squared of the two-photon system. This particular point is used to preserve antisymmetry of the matrix element (see ref [25]). The amplitude can be constructed by adding the contributions of all diagrams where the two photons (with momenta q_1 and q_2, k = q_1 + q_2) are attached to the external legs in all possible permutations (see Fig. (3)),

M(seq)^{μν} = ū_λ′_1 (p^′_1)ū_λ′_2 (p^′_2) [ T_1 S^{(1)}(p_1 − k) Γ^{ν(1)} S^{(1)}(p_1 − q_1) Γ^{μ(1)}

+all possible permutations ] u_{λ2} (p_2)u_{λ1} (p_1) , (10)

where only the first diagram of Fig. (3) has been written explicitly. The (t, u) variables specifying the onshell point at which the T-matrix is evaluated can be easily expressed in terms of the external momenta for each diagram. However, instead of the true T-matrix the power-series expansion Eq. (3) is used. It can be verified that this amplitude satisfies gauge invariance, i.e. q_{1μ}M(seq)^{μν} = q_{2ν}M(seq)^{μν} = 0, for the case of radiation off the two-proton system. The amplitude therefore obeys the low-energy theorem for the two-photon emission [26].

Results for the two-photon bremsstrahlung will be presented in a later section together with the results for the virtual-pion amplitude.

III. PION PRODUCTION

The importance of short-range physics for π^0 production in pp scattering was addressed in many references, e.g. [8, 10, 13, 27]. It was shown that this process is very sensitive to the short-range component of the NN interaction which in turns reflects in very strong off-shell effects in the T-matrix describing the pp rescattering in the^1S_0 final state. This partial wave gives the most important contribution near the pion-production threshold. As a result of the strong off-shell effects the so-called direct pion production is suppressed, and other contributions, such as the πN rescattering, heavy-meson exchanges, etc. become crucial to obtain agreement with experiment.

In this paper we have opted for simpler, more phenomenological approach which still relies on the same on-mass-shell T-matrix as used in the photonbremsstrahlung calculations. The virtual-pion emission and the sequentional two-photon bremsstrahlung are thus described in equivalent models. The pionproduction amplitude is calculated using radiation off external legs only while evaluating the T-matrix at a suitably chosen point corresponding to on-shell kinematics. We use a general pion-nucleon vertex

Γ_π(k) = G_π 1 + χ γ^5 ( χ + k/ 2 m_p ) , (11)

where χ specifies the admixture of pseudo-scalar (PS) coupling and k is the pion (outgoing) momentum. The PS component in the vertex is included to effectively account for the reaction mechanisms which are not explicitly present in the model. This issue will be elaborated further on in this section.

As argued in [3, 28] the energy dependence of real pion production indicates that the final-state interaction between the emerging nucleons should be accounted for correctly. For this reason the T-matrix is evaluated at an on-shell point corresponding to the same energy, s, and the same ratio R = t/u as is appropriate for each of the four diagrams. In should be noticed that for on-shell kinematics the ratio R is directly related to the protonproton scattering angle. The amplitude which can be read off the diagrams in Fig. (1) (where the photon line is replaced by the pion one) has the form

M_π = T_1 S^{(1)}(p_1 − k) Γ^{(1)}_π (k) +

Γ^{(1)}_π (k) S^{(1)}(p^′_1 + k) T_2 + T_3 S^{(2)}(p_2 − k) Γ^{(2)}_π (k)

+ Γ^{(2)}_π (k) S^{(2)}(p^′_2 + k) T_4 (12)

with

T_1 = T (s_f , R_1 = t_2/u_1′_2) , T_2 = T (s_i, R_2 = t_2/u_{12}′ ) , T_3 = T (s_f , R_3 = t_1/u_{12}′ ) , T_4 = T (s_i, R_4 = t_1/u_1′_2) .(13)

The nucleon spinors in Eq. (12) are omitted for brevity.

In the process of calculating the pion-production cross section we noticed that special care should be paid to the representation of the T-matrix. Initially the calculation was performed by expanding the T-matrix in the usual set of five Lorentz covariants given in Eq. (2).

Changing the ratio χ of the PS and pseudo-vector (PV) couplings by a mere 0.1 would change the real-pion production cross section by about one order of magnitude. This extreme and unrealistic sensitivity could be traced back to the unrealistically large coupling to negativeenergy states in the pp system at small energies which is introduced with this particular choice of covariants. To avoid the aforementioned problem we have therefore introduced another set of Lorentz tensors, chosen such that, when sandwiched between large components of positive-energy spinors, they reduce to the five operators usually taken in a non-relativistic formulation (see for example [31, 32, 33]),

Ω^{nr} = 1, ⃗σ^{(1)} · ⃗σ^{(2)}, i(⃗σ^{(1)} + ⃗σ^{(2)}) · n̂, S_{12}(t̂), S_{12}(û) , (14)

where ⃗n = (⃗p_1−⃗p_2)×(⃗p^′_1 − ⃗p^′_2), ⃗t = ⃗q_t, ⃗u = ⃗q_u, the tensor is given by S_{12}(p̂) = 3 ⃗σ^{(1)} · p̂ ⃗σ^{(2)} · p̂ − ⃗σ^{(1)} · ⃗σ^{(2)}, and the hat denotes a unit vector. Emphasizing the dependence on s and R of the Lorentz-invariant coefficients C_j the onshell T-matrix is expressed in a similar way as in Eq. (1), T (s, R) = 5∑ j=1 C_j(s, R)Ω^{(1)}_j · Ω^{j(2)} . (15)

A possible choice for the covariants Ω_j is

Ω_1 = Q/_s , Ω_2 = γ_5Q/_n , Ω_3 = γ_5Q/_p , Ω_4 = γ_5Q/_k , Ω_5 = Ω_2 + Ω_1 , (16)

defined in terms of the orthogonal four-vectors,

Q^μ_s = (p^μ_1 + p^μ_2 )/W , Q^μ_k = N_k(q^μ_t − (q_t · Q_s)Q^μ_s ) , Q^μ_p = N_p(q^μ_u − (q_u · Q_s)Q^μ_s + (q_u · Q_k)Q^μ_k ) , Q^μ_n = ϵ^{μνσρ}(Q_s)_ν (Q_k)_σ(Q_p)_ρ ,

(17)

normalized such that Q^2_s = −Q^2_k = −Q^2_p = −Q^2_n = 1, where W^2 = s = (p_1 + p_2)^2 and ϵ^{μνσρ} is the fully antisymmetric Levi-Civita tensor. The momenta q_t and q_u are chosen according to Eq. (5). It is straightforward to show that in the pp-CM system the matrix elements of Ω^{(1)}_j · Ω^{j(2)} for the large components of the spinors are indeed a linearly independent combination of the nonrelativistic operators given in Eq. (14). The fifth term in Eq. (16), for example, is the only one that, in the nonrelativistic reduction, contributes a term like the third one in Eq. (14). In addition the matrix elements between large and small components vanish. This set of five operators is not unique; any linear combination of q_t and q_u could have been used to define Q_k and furthermore Ω_1 = 1 is also a valid choice. We have checked that any of these ambiguities have only minor effects on the calculated pion-production amplitude.

With the covariants in Eq. (16) the cross section for real-pion production still depends on the ratio χ but in a much more gentle way. By varying χ and keeping a realistic πN coupling constant, the experimentally measured cross section can be reproduced with χ = 1.05. For χ = 0, corresponding to the pure PV coupling, the cross section is about a factor 10 larger than experiment and appears to be independent of the choice of covariants, Eq. (2) or Eq. (16). The latter feature is probably due to the fact that for a PV coupling the contribution of negative-energy states is suppressed.

To understand the sensitivity of the cross section to the PS component in the πN vertex we can rewrite the pion-production amplitude in the form

M_π = M^{(P V )}_π + M^{(cont)}_π , (18)

where the purely PV contribution is

M^{(P V )}_π = i G_π 2m_p [ T_1 γ^{(1)}_5 ( 1 − m_pk/^{(1)} k · p_1 − m^2_π /2 )

+ ( 1 − m_pk/^{(1)} k · p^′_1 + m^2_π /2 ) γ^{(1)}_5 T_2

+T_3 γ^{(2)}_5 ( 1 − m_pk/^{(2)} k · p_2 − m^2_π /2 )

+ ( 1 − m_pk/^{(2)} k · p^′_2 + m^2_π /2 ) γ^{(2)}_5 T_4 ] , (19)

and M^{(cont)}_π has a form of a 5-point contact vertex, M^{(cont)} π = −i ( χ 1 + χ ) G_π 2m_p ( T_1 γ^{(1)}_5 + γ^{(1)}_5 T_2

+T_3 γ^{(2)}_5 + γ^{(2)}_5 T_4 ) . (20)

The important observation is that in the soft-pion limit (k → 0) the amplitude M^{(P V )}π fulfills the requirement of the chiral symmetry [35] (to be precise, the limit in Eq. (19) shoud be taken in the order: lim_{mπ →0}{lim_{⃗k→0} ...}). In this case, of course, T_1 = T_2 = T_3 = T_4 is the T-matrix calculated in kinematics of onshell pp scattering. However the pion mass is finite, and the T-matrices in the dominant diagrams, T_1 and T_3, corresponding to the pion emission off the initial legs, in fact should enter far off-shell (for example, the corresponding off-energy-shell CM momentum is about (m_π m_p)^{1/2} ≈ 370 MeV). Due to a strong off-shell dependence of the T-matrix (see, e.g. [27, 33]) a sizable reduction of the cross section calculated only with M^{(P V )}_π should occur. The contact term in Eq. (20) effectively accounts for this effect, as well as the other important mechanisms which act in the opposite direction, such as (off-shell) πN rescattering and heavy-meson exchanges, and possible genuine contact vertices in the underlying Lagrangian. We will consider χ as a phenomenological parameter of the model.

Our approach has a certain similarity to the soft-pion model of ref. [36], where the authors applied yet another method to account for off-shell effects, and found a reasonable agreement with the data available at the time.

The angle integrated cross section for real-π^0 production is plotted in Fig. (4) as function of the relative kinetic energy in the final two-proton system, defined as T_{12} = M_{12} − 2m_p, where M_{12} is the invariant mass of the

FIG. 4: The angle-integrated cross section for real-pion production is plotted versus the relative kinetic energy T12 of the outgoing two-proton system. Results are shown for two incoming proton energies and for a selection of π-N relative kinetic energies.

FIG. 5: The integrated cross section for real-pion production as function of η which is related to the beam energy through Eq. (C5). The data are from [3].

two-proton system. It can be seen that to a large extent the cross section is independent of T_{23} = M_{23} − m_p − m_π and falls off roughly proportional to 1/T_{12} in accordance with [3].

The total π^0 production cross section as function of η (see Eq. (C5) for the definition) is compared to the data of [3] in Fig. (5). It is seen that the calculation agrees well with the data in both magnitude and energy dependence. As such we conclude that this simple model is able to give a reasonable estimate of the pion-production cross section and will thus use it also in the calculation of virtual-pion production discussed in the following section.

A. Virtual pions

The amplitude for two-photon emission mediated by a virtual pion can be factorized in two terms. The first is the amplitude for virtual-pion production, M_π, which is identical in structure to the one for real pions. The second term describes the decay of the virtual pion. The amplitude in question now reads

M^{μν} (π) = ie^2g_{πγγ} (k^2 − m^2_π + i0)m_π ϵ^{μναβ}q_{1α}q_{2β} ×M_π(p^′_1, p^′_2; p_1, p_2) , (21)

where k = q_1 + q_2 is the momentum of the virtual pion and g_{πγγ} ≈ 0.0375 is the π^0 → γγ decay constant. The total amplitude for the pp → ppγγ process is

M^{μν} = M^{μν} (seq) + M^{μν} (π) , (22)

the sum of the amplitudes given in Eq. (10) and Eq. (21)

IV. RESULTS

The calculations presented in this section are done for an incoming proton energy of 280 MeV in the Lab system which is just below the pion-production threshold (2m_π + m^2_π /2m_p).

In Fig. (6) the cross section for two-photon production is plotted for certain exclusive kinematics. We have opted to use the Dalitz coordinates (see Appendix B for a more detailed discussion) for expressing the differential cross sections, specified by i) T_{12}, the relative energy between the two protons; ii) T_{13}, the relative energy between a proton and the sum-momentum of the two photons (equal to the momentum of the virtual pion); iii) the Euler angles of the plane spanned by the two protons and the virtual pion with respect to the incoming beam direction, i.e. (θ_k, ϕ_k), and where the third angle is trivial due to azimuthal symmetry. This is supplemented by the angles (θ_{γγ} , ϕ_{γγ} ) specifying the orientation of the two-photon relative momentum in their c.m. frame and the invariant mass m_{γγ} of the two-photon system or -equivalentlythe virtual pion. These coordinates can be used for the sequential two-photon emission as well as for the virtualpion process. We have used these coordinates instead of the traditionally adopted ones in bremsstrahlung for a few reasons. Firstly, the phase space factor is a very smooth (in many cases independent) function of the kinematical variables and differential cross sections thus directly reflect the magnitude of the underlying matrix element. Secondly, the absence of divergencies of the phase space factor allows for a straightforward evaluation of (partially) integrated cross sections. Thirdly, these coordinates uniquely determine the kinematics of the event while in polar coordinates a kinematical solution is not always uniquely defined (this happens in very selected parts of phase space only). It should be noted that T_{23} is related to T_{12} and T_{13} by a simple algebraic relation.

In the figures the two-photon cross sections due to the intermediate virtual-π^0 mechanism and the sequential two-photon emission are indicated separately. There is a strong interference between the two contributions, the total (from adding the amplitudes, labelled ’tot+’ in the figures) is larger than the sum of the individual cross sections. The importance of interference for the total cross section implies that the cross section is sensitive to the relative phase between the amplitudes of the uncorrelated and the virtual-pion two-photon emission processes. To show this, we also plot the cross section for the case in which the virtual-pion matrix element has been arbitrarily, only for display purposes, multiplied with a minus sign (i.e. changing the relative sign in Eq. (22) eventhough the sign given there is correct). This calculation, labeled ’tot-’ in Fig. (6), gives rise to a much smaller total cross section. It should be noted that changing the sign does not affect the real-pion production cross section since it is independent of the sign. From Fig. (6) it can be seen that the angular distributions depend on the phase of the virtual-pion contribution, however the largest effect of changing the sign shows up in the overall magnitude. We have checked that this is the case in a large region of phase space and the distributions shown here can be regarded as typical.

Another aspect which can be seen from Fig. (6) is that the angular distributions of the sequentional two-photon emission process show pronounced structures. This is to be expected as the single-photon bremsstrahlung angular distribution shows pronounced peaks which are due to the quadrupole nature of the electric radiation and the interference with magnetic radiation. The virtual-pion mechanism has a rather featureless distributions, due to the fact that the two photons couple to the quantum numbers of the pion, J^π = 0^−.

It is also apparent from Fig. (6) that –unfortunately– one cannot point to a particular feature in the angular distribution which is especially sensitive to the virtualpion contribution. There are no quantum numbers that distinguish this process from the bremsstrahlung contribution.

For the above reason, and also because cross sections are –in general– small for two-photon emission, we investigate whether the virtual-pion signal can also be seen in less exclusive kinematics where certain angles have been integrated. Since, as remarked before, the virtual pion contribution seems to give primarily rise to an overall increase of the cross sections we have performed a simple integration of the differential cross section.

The squared matrix element for pion emission is inversely proportional to the relative energy in the final pp system [3]. One thus expects that the virtual-pion process is most pronounced for the lowest values of T_{12}. This is indeed supported by our calculations as shown in Fig. (7), where the difference between the full calculation (labeled ’tot+’) and the sequential two-photon process strongly depends on T_{12} and hardly on T_{23}. In Fig. (7) all angles have been integrated.

The unambiguous signature of the virtual-pion contribution is that it increases the closer one approaches the real-pion pole. This can clearly be seen from Fig. (8) where the cross section is shown as function of m_{γγ} at fixed T_{12}. All other variables, i.e. all angles and also T_{23},

FIG. 6: The dependence of the differential cross section d^8σ/dmγγ dM^2_{12} dM^2_{23}dΩγγ dΩkdϕ1 on the two-photon angles. The twophoton bremsstrahlung result is given by the dense-dotted curve, the pure virtual-pion process by the sparse-dotted curve, the full result by the drawn curve, while the dashed curve gives the coherent sum when changing ad-hoc the sign of the virtual-pion contribution.

FIG. 7: The cross section for two-photon production, integrated over angles, is plotted versus the relative kinetic energy T12 of the final two-proton system. Results are shown for a selection of π-N relative kinetic energies. The meaning of the curves is the same as in Fig. (6). The end points of the curves are determined by kinematics.

are integrated. Even this rather inclusive cross section shows a clear sensitivity to the interference between the sequential and the virtual-pion two-photon emission processes.

FIG. 8: The cross section for two-photon production, integrated over all variables at fixed relative kinetic energy T12 = 3 MeV of the final two-proton system, is plotted as function of the two-photon invariant mass. The meaning of the curves is the same as in Fig. (6).

V. SUMMARY AND CONCLUSIONS

In this work we have shown that the two-photon bremsstrahlung offers the interesting possibility to ‘measure’ subthreshold pion production in pp scattering. It allows for studying pion production in kinematics which is not accessible in the pp → ppπ^0 reaction. In addition, the phase of the virtual-pion process with respect to that of sequential two-photon emission can be investigated.

To account for the sequential two-photon emission process, which is an important background, a novel softphoton model (called pse-SPM) is developed. This model is tested in a calculation of single-photon bremsstrahlung, and is shown to give accurate results for cross sections.

Calculated exclusive cross sections of the pp → ppγγ reaction are in general small, however sensitivity of the cross sections to the virtual-pion signal remains even for rather inclusive cross sections.

Acknowledgments

Part of this work was performed as part of the research program of the Stichting voor Fundamenteel Onderzoek der Materie (FOM) with financial support from the Nederlandse Organisatie voor Wetenschappelijk Onderzoek (NWO). One of the authors (A.Yu.K.) acknowledges a special grant from the NWO. He would also like to thank the staff of the Kernfysisch Versneller Instituut in Groningen for the kind hospitality. We acknowledge discussions with R. Timmermans. We thank K. Nakayama for his help in checking the calculation of the pion-emission process and J. Bacelar for a careful reading of the manuscript and discussions on the feasibility of measuring the different observables.

APPENDIX A: KINEMATICS FOR TWO-PHOTON PRODUCTION

For the reaction N +N → N +N +γ +γ the momenta are denoted by p_1, p_2, p^′_1, p^′_2, q_1, q_2 (see Fig. (3)). Energymomentum conservation reads p_1 +p_2 = p^′_1 +p^′_2 +q_1 +q_2. The cross section is dσ = m^4_p j ∫ |A|^2(2π)^4δ^4(p_1 + p_2 − p^′_1 − p^′_2 − q_1 − q_2) × d^3p^′_1 (2π)^3E^′_1 d^3p^′_2 (2π)^3E^′_2 d^3q_1 (2π)^32ε_1 d^3q_2 (2π)^32ε_2 , where A = M^{μν} ϵ^∗_{1μ}ϵ^∗_{2ν} is the invariant amplitude, ϵ_1 and ϵ_2 are the polarization vectors of the photons, ε_1 = |⃗q_1|, ε_2 = |⃗q_2|, and j = √ (p_1 · p_2)^2 − m^4_p = m_p|⃗p_{Lab}| in the laboratory frame where p_2 = (m_p,⃗0). Using the identity ∫ δ^4(q_1 + q_2 − k)d^4k = 1 the cross section is put in the form dσ = m^4_p (2π)^8j ∫ |A|^2δ^4(p_1 + p_2 − p^′_1 − p^′_2 − k)I_{γγ} × d^3p^′_1 E^′_1 d^3p^′_2 E^′_2 d^4k , (A1)

where I_{γγ} is the two-photon phase-space integral defined as I_{γγ} = ∫ δ^4(q_1 + q_2 − k) d^3q_1 2ε_1 d^3q_2 2ε_2 .

To calculate this integral in an arbitrary frame we introduce the relative and total 4-momenta of the photons

k = q_1 + q_2, l = 1 2 (q_1 − q_2),

q_1 = 1 2 k + l, q_2 = 1 2 k − l . (A2) The Jacobian of the transformation from ⃗q_1, ⃗q_2 to ⃗l, ⃗k is unity, and after removing the trivial δ-function we get I_{γγ} = ∫ δ(ε 1_{2 ⃗k+⃗l} + ε 1_{2 ⃗k−⃗l} − k_0) d^3l 2ε 1_{2 ⃗k+⃗l} 2ε 1_{2 ⃗k−⃗l} = |⃗l|^2 4(|⃗l|k_0 − |⃗k|l_0 cos θ_{γγ} ) dΩ_{γγ} , (A3)

with dΩ_{γγ} = sin θ_{γγ} dθ_{γγ} dϕ_{γγ} , where we introduced the polar and azimuthal angles θ_{γγ} and ϕ_{γγ} between the 3- vectors ⃗k and ⃗l. For real photons (q^2_1 = q^2 = 0) one can show that k · l = 0 and 4 l^2 + m^2_{γγ} = 0, where m^2_{γγ} = k^2 is the invariant mass of the two-photon system. Expressing now l_0 in terms of the 3-momentum |⃗l| we obtain |⃗l| = m_{γγ} 2 √ 1 −^{⃗k2}_{k20} cos^2 θ_{γγ} = m_{γγ} k_0 2 √ m^2_{γγ} + ⃗k^2 sin^2 θ_{γγ} ,

with k_0 = √ m^2_{γγ} + ⃗k^2. The two-photon phase space Eq. (A3) can be simplified to I_{γγ} = |⃗l|^3 k_0m^2_{γγ} dΩ_{γγ} . (A4)

As a last step the integration over k_0 in Eq. (A1) is replaced by an integration over the two-photon invariant mass using k_0dk_0 = m_{γγ} dm_{γγ} . We obtain dσ = 2m^4_p (2π)^8j ∫ |A|^2J(m_{γγ} )I_{γγ} m_{γγ} dm_{γγ} , (A5) where we introduced the 3-particle phase-space integral

J(m_{γγ} ) = ∫ δ^4(p_1 + p_2 − p^′_1 − p^′_2 − k) × d^3p^′_1 E^′_1 d^3p^′_2 E^′_2 d^3k 2k_0

. (A6)

In the one-photon bremsstrahlung the similar integral is traditionally evaluated in polar coordinates (see, for example, [25]) leading to the cross section of the type shown in Fig. (2). For the two-photon bremsstrahlung in the present paper we will use the Dalitz coordinates instead, as discussed in Appendix B.

APPENDIX B: DALITZ COORDINATES

To evaluate the phase-space integral in Eq. (A6) we choose the CM frame where ⃗p_1 + ⃗p_2 = 0, and carry out the integration over ⃗p^′_2. Introducing s = (p_1 + p_2)^2 we obtain

J(m_{γγ} ) = ∫ δ( √ s − E^′_1 − E^′_2 − k_0) d^3p^′_1 E^′_1E^′_2 d^3k 2k_0 , where E^{′2}_2 = m^2_p + ⃗p^{′2}_2 = m^2_p + (⃗p^′_1 + ⃗k)^2 = m^2_p + ⃗p^{′2}_1 + ⃗k2 + 2p′_1k cos θ_{13}. Using

d^3p^′_1 d^3k = p^′_1 E^′_1 dE^′_1 dΩ_1 k k_0 dk_0 dΩ_k = p^′_1 E^′_1 dE^′_1 d cos θ_{13} dϕ_1 k k_0 dk_0 d cos θ_k dϕ_k

and integrating over cos θ_{13} using the δ-function we obtain

J(m_{γγ} ) = 1 2 d cos θ_k dϕ_k dϕ_1 dk_0 dE^′_1 .

Defining invariant masses

M^2_{12} = (T_{12} + 2m_p)^2 = (p^′_1 + p^′_2)^2 = s − 2 √ sk_0 + m^2_{γγ} , M^2_{23} = (T_{23} + m_p + m_π )^2 = (p^′_2 + k)^2 = s − 2 √ sE^′_1 + m^2_p, (B1)

we can cast the integral J(m_{γγ} ) in the form

J(m_{γγ} ) = 1 8s d cos θ_k dϕ_k dϕ_1 d M^2_{12}dM^2_{23} . (B2)

Here the angles ϕ_k, θ_k, ϕ_1 describe in the CM frame the orientation of the plane in which the momenta lie of the outgoing two protons and the two-photon system (the virtual pion) with respect to the incoming beam. Specifically, the angle ϕ_1 is defined as the azimuthal angle of the momentum ⃗p^′_1 in the frame, where momentum ⃗k is along OZ axis and the OX axis lies in the plane spanned by the beam and ⃗k. The angle θ_k is taken as the angle in the CM frame between the incoming momentum and ⃗k while ϕ_k is a trivial azimuthal angle. In the CM frame the momenta can now be expressed as

⃗k = (k_x, k_y, k_z) = k(sin θ_k, 0, cos θ_k), ⃗p^′_1 = (p^′_{1x}, p^′_{1y}, p^′_{1z}) = = p^′_1(cos θ_k sin θ_{13} cos ϕ_1 + sin θ_k cos θ_{13}, sin θ_{13} sin ϕ_1, − sin θ_k sin θ_{13} cos ϕ_1 + cos θ_k cos θ_{13}), ⃗p^′_2 = −⃗p^′_1 − ⃗k. The magnitudes of ⃗k, ⃗p^′_1 and ⃗p^′_2 are determined through the energies of the two-photon system and nucleons

k_0 = s − M^2_{12} + m^2_{γγ} 2 √ s , E^′_1 = s − M^2_{23} + m^2_p 2 √ s , E^′_2 = √ s − E^′_1 − k_0 , and the angle between ⃗p^′_1 and ⃗k can be expressed as,

cos θ_{13} = (E^{′2}_2 − E^{′2}_1 − k^2_0 + m^2_{γγ} )/2kp^′_1.

So far the momenta were defined in the CM frame. The boost to the Lab system is specified by the velocity V = p_1/(m_p + E_1) and the Lorentz-factor γ = (m_p + E_1)/ √ s. The Z components of the vectors in the lab can now be expressed as

k^{Lab}_z = γ(k_z + V k_0), p^{′Lab}_{1z} = γ(p^′_{1z} + V E^′_1), p^{′Lab}_{2z} = p_1 − k^{Lab}_z − p^{′Lab}_{1z} , while the X and Y components do not change.

APPENDIX C: TOTAL CROSS SECTION FOR PION PRODUCTION

Using the Dalitz coordinates, the cross section for real pion production is written as dσ = m^4_p (2π)^5j

|M_π|^2J(m_π ) (C1)

where particle 3 is associated with the pion and J(m_π ) is given in Eq. (B2) where m_{γγ} → m_π .

Let us first make a tentative assumption that the amplitude is a constant and integrate the cross section in Eq. (C1) over angles, dσ = m^4_pπ^2 (2π)^5js

|M_π|^2 dM^2_{12} dM^2_{23} . (C2)

For the total cross section we integrate over invariant masses σ = m^4_pπ^2 (2π)^5js

|M_π|^2I(s) , (C3)

where we introduced the integral I(s) = ∫_M max_{12} 2

M^{min}_{12}^2

( ∫ M^{max}_{23}^2

M^{min}_{23}^2

dM^2_{23} ) dM^2_{12} = 2 ∫_M max_{12} M^{min}_{12} √ (M^2_{12} − 4m^2_p) × √ (s − m^2_π − M^2_{12})^2 − 4m^2_π M^2_{12} dM_{12} ,(C4)

with the lower and upper limits M^{min}_{12} = 2m_p and M^{max}_{12} = √ s − m_π respectively. At the upper limit the pion 3-momentum in the CM system, ⃗k^2 = ( M^2_{12} − ( √ s − m_π )^2 ) ( M^2_{12} − ( √ s + m_π )^2 ) /4s , vanishes while it reaches a maximum at the lower limit,

⃗k^2_{max} = m^2_π η^2 = b(b + 4m_π √s)/4s (C5) which defines the conventionally used variable η [3] in terms of b = ( √ s − m_π )^2 − 4m^2_p. Introducing the relative pp 3-momentum 4⃗p^2 = ( M^2_{12} − 4m^2_p ) the phase space integral Eq. (C4) can also be put in the familiar form I(s) = ∫ 16|⃗p||⃗k| √ s/M^2_{12}d⃗p^2.

With the substitutions t = (M^2_{12} − 4m^2_p)/b, a = 4m^2_p and c = ( √ s + m_π )^2 − 4m^2_p the phase space integral Eq. (C4) can be cast in the form

I(s) = b^2

∫_1 0 dt √ t(t − 1)(t − c/b) (t + a/b) . (C6)

This shows that the total cross section is roughly proportional to b^2 and thus proportional to η^4 at low energies, in contrast to the data. It has been argued in [3] that the assumption made that the matrix element is constant is not valid. The pion-emission process is strongly affected by the final-state NN interaction at low energies, the effect of which is roughly proportional to 1/⃗p^2 = 4/t b. Including this factor in the integrand gives a total cross section proportional to η^2, in rough agreement with the data (above η = 0.2). The approach that we chose for evaluating the amplitude and comparison with experiment are described in detail in sect. III.

[1] R.A. Stallwood, R.B. Sutton, T.H. Fields, J.G. Fox, and J.A. Kane, Phys. Rev. 109, 1716 (1958).

[2] F. Hachenberg and H.J. Pirner, Ann. Phys. 112, 401 (1978).

[3] H.O. Meyer et al., Phys. Rev. Lett. 65, 2846 (1990);

H.O. Meyer, C. Horowitz, H. Nann, P.V. Pancella, S.F. Pate, R.E. Pollock, B. Von Przewoski, T. Rinckel, M.A. Ross, and F. Sperisen, Nucl. Phys. A 539, 633 (1992).

[4] A. Bondar et al., Phys. Lett. B 356, 8 (1995). [5] G.A. Miller and P.U. Sauer, Phys. Rev. C 44, R1725 (1991).

[6] J.A. Niskanen, Phys. Lett. B 289, 227 (1992). [7] T.-S.H. Lee and D.O. Riska, Phys. Rev. Lett. 70, 2237 (1993).

[8] C.J. Horowitz, H.O. Meyer, and D.K. Griegel, Phys. Rev. C 49, 1337 (1994).

[9] E. Hernandez and E. Oset, Phys. Lett. B 350, 158 (1995). [10] J. Adam Jr., A. Stadler, M.T. Peña, and F. Gross, Phys. Lett. B 407, 97 (1997).

[11] U. Van Kolck, G.A. Miller, and D.O. Riska, Phys. Lett. B 388, 679 (1996).

[12] T. Sato, T.-S.H. Lee, F. Myhrer, and K. Kubodera, Phys. Rev. C 56, 1246 (1997).

[13] A. Engel, R. Shyam, U. Mosel, and A.K. Dutt- Mazumder, Nucl. Phys. A 603, 387 (1996).

[14] C. Hanhart, J. Haidenbauer, O. Krehl, and J. Speth, Phys. Lett. B 444, 25 (1998); C. Hanhart, J. Haidenbauer, O. Krehl, and J. Speth, Phys. Rev. C 61, 064008 (2000).

[15] B.-Y. Park, F. Myhrer, J.R. Morones, T. Meissner, and K. Kubodera, Phys. Rev. C 53, 1519 (1996).

[16] T.D. Cohen, J.L. Friar, G.A. Miller, and U. van Kolck, Phys. Rev. C 53, 2661 (1996).

[17] E. Gedalin, A. Moalem, and L. Razdolskaya, Phys. Rev. C 60, 031001 (99).

[18] F. Low, Phys. Rev. 110, 974 (1958).

[19] E. Nyman, Phys. Rev. 170, 1628 (1968).

[20] H.W. Fearing, Nucl. Phys. A463, 95 (1987); R.L. Workman and H.W. Fearing, Phys. Rev. C 34, 780 (1986).

[21] M.K. Liou, D. Lin and B.F. Gibson, Phys. Rev. C 47, 973 (1993).

[22] M. Liou, R. Timmermans, and B. Gibson, Phys. Lett. B 345, 372 (1995).

[23] H. Huisman, Ph.D. Thesis, KVI, Groningen (1999);

H. Huisman et al., Phys. Rev. Lett. 83, 4017 (1999); ibid, Phys. Lett. B 476, 9 (2000).

[24] A.S. Khrykin, V.F. Boreiko, Yu.G. Budyashov, S.B. Gerasimov, N.V. Khomutov, Yu.G. Sobolev, and V.P. Zorin, Phys. Rev. C 64, 034002 (2001).

[25] A. Korchin, O. Scholten, and D. Van Neck, Nucl. Phys. A 602, 423 (1996).

[26] R. Timmermans, private communication. [27] J. Haidenbauer, Ch. Hanhart and J. Speth, Acta. Phys.

Polon. B27, 2893 (1996).

[28] C. Hanhart, K. Nakayama, Phys. Lett. B 454, 176 (1999) and nucl-th/9809059.

[29] M.L. Goldberger, M.T. Grisaru, S.W. MacDowell and D.Y. Wong, Phys. Rev. 120, 2250 (1960).

[30] J.A. McNeil, L.R. Ray and S.J. Wallace, Phys. Rev. C 27, 2123 (1983).

[31] M.L. Goldberger and K.M. Watson, Collision Theory, (Wiley, New York, 1964).

[32] A.K. Kerman, H. McManus and R.M. Thaler, Ann. of Phys. 8, 551 (1959).

[33] V. Herrmann, K. Nakayama, O. Scholten, and H. Arellano, Nucl. Phys. A582, 568 (1995).

[34] K. Nakayama, private communication.

[35] Y. Nambu and D. Lurié, Phys. Rev. 125, 1429 (1962);

Y. Nambu and E. Shrauner, Phys. Rev. 128, 862 (1962). [36] M.E. Schillaci, R.R. Silbar and J.E. Young, Phys. Rev. 179, 1261 (1969).