arXiv:1302.2004v2 [hep-ph] 1 May 2013

Preprint typeset in JHEP style - PAPER VERSION IPPP/13/05

DCPT/13/10 Cavendish-HEP-13/01

Central exclusive production as a probe of the gluonic component of the η^′ and η mesons

∗L.A. Harland-Lang^1, V.A. Khoze^{1,2}, M.G. Ryskin^2, W.J. Stirling^3

1 Department of Physics and Institute for Particle Physics Phenomenology, University of Durham, DH1 3LE, UK 2 Petersburg Nuclear Physics Institute, NRC Kurchatov Institute, Gatchina, St. Petersburg, 188300, Russia 3Cavendish Laboratory, University of Cambridge, J.J. Thomson Avenue, Cambridge, CB3 0HE, UK

Abstract: Currently, the long–standing issue concerning the size of the gluonic content of the η^′ and η mesons remains unsettled. With this in mind we consider the central exclusive production (CEP) of η^′, η meson pairs in the perturbative regime, applying the Durham pQCD–based model of CEP and the ‘hard exclusive’ formalism to evaluate the meson production subprocess. We calculate for the first time the relevant leading order parton–level processes gg → qqgg and gg → gggg, where the final–state gg and qq pairs form a pseudoscalar flavour–singlet state. We observe that these amplitudes display some non–trivial and interesting theoretical properties, and we comment on their origin. Finally, we present a phenomenological study, and show that the cross sections for the CEP of η^′, η meson pairs are strongly sensitive to the size of the gluon content of these mesons. The observation of these processes could therefore provide important and novel insight into this problem.

Keywords: Central exclusive production, Diffraction, Meson, MHV, gluon.

∗KRYSTHAL collaboration

1. Introduction

Central exclusive production (CEP) processes of the type

pp(p̄) → p + X + p(p̄) , (1.1)

can significantly extend the physics programme at high energy hadron colliders. Here X represents a system of invariant mass M_X , and the ‘+’ signs denote the presence of large rapidity gaps. Such reactions provide a very promising way to investigate both QCD dynamics and new physics in hadron collisions, and consequently they have been widely discussed in the literature, with recently there being a renewal of interest in the CEP process, see for example [1–3] for reviews and further references.

It is well known that the η and η^′ mesons, the isoscalar members of the nonet of the lightest pseudoscalar mesons, play an important role in the understanding of low energy QCD. Knowledge of the quark and gluon components of their wave functions would provide important information about various aspects of non–perturbative QCD, see for instance [4] and references therein. A clear observation of the presence of a purely gluonic, gg, component in the η^′ (and η) mesons would also confirm that the gluons play an independent important role in hadronic spectroscopy. The presence of such a component of the η^′ meson, due to the so called gluon anomaly [5–8], is also related to the old question of why the η^′ mass is much larger than that of the η (the well–known ‘U(1) problem’, see [9]).

Currently, while different determinations of the η–η^′ mixing parameters are generally consistent, the long–standing issue concerning the extraction of the gluon content of the η^′ (and η) remains uncertain, in particular due to non–trivial theory assumptions and approximations that must be made, as well as the current experimental uncertainties and limitations, see for example [10] for a discussion of the theoretical uncertainties (in e.g. the decay form factors) present in such extractions and [4] for a review of the experimental situation. The results of a detailed analysis of various radiative processes and heavy particle decays, see for example [4,11,12], therefore do not currently allow a conclusive confirmation or otherwise of a non–qq̄ component in the the η^′ and η mesons, within the experimental uncertainties. Moreover, as discussed in [4], it is unlikely that lattice simulations of QCD will provide a determination of the gluonic contribution of the η^′, η wave functions in the near future. On the other hand, in [13] a study of the ηγ and η^′γ transition form factors, F_{(η,η}′_{),γ} (Q^2), appears to indicate that the two–gluon Fock component of the η^′ meson may be quite large.

In this paper we will show that the CEP of pseudoscalar meson pairs (η^′η^′, ηη^′, ηη) at sufficiently high transverse momenta p_⊥ can provide a potentially powerful tool to probe the structure of the η^′, η mesons, and is especially well suited to addressing the old problem of the value of the gluonic flavour–singlet contribution, as well as clarifying the issue of η–η^′ mixing. We show that any sizeable gg component of the η^′ (and η) can have a strong effect on the CEP cross section, and therefore such an exclusive process represents a sensitive probe of this. Moreover, we may expect that in the near future, after analysing the existing 4 photon candidates with E_T > 2.5 GeV and forward rapidity gaps, CDF will collect a large

– 1 – number of η^′, η events and also significantly improve the current limits on π^0π^0 CEP [14]. η and η^′ meson CEP may also be studied within the CMS/TOTEM special low–pileup runs with sufficient luminosity [14, 15].

In [16] the observation of 43 γγ events with |η(γ)| < 1.0 and E_T (γ) > 2.5 GeV, with no other particles detected in −7.4 < η < 7.4 was reported, which corresponds to a cross section of σ_{γγ} = 2.48^{+0.40}_{−0.35} (stat)^{+0.40}_{−0.51} (syst) pb. In [17] the π^0π^0 → 4γ CEP background was calculated for the first time and found to be small (with σ(π^0π^0)/σ(γγ) ∼ 1%), a prediction that is in agreement with the CDF measurement, which finds that the contamination caused by π^0π^0 CEP is very small (< 15 events, corresponding to a ratio N(π^0π^0)/N(γγ) < 0.35, at 95% C.L.). As well as representing a potential observable, we note that η(^′)η(^′) CEP, via the η(^′) → γγ decay may also in principle represent a background to γγ production, if this cannot be suppressed experimentally. It is therefore important to calculate the predicted η(^′)η(^′) CEP cross sections, in particular in the presence of a potentially large gg flavour–singlet component, which may enhance the corresponding rates.

We will apply the ‘hard exclusive’ formalism described in [18] (see also [19]) to the production of a meson, M anti–meson, M, pair via the gg → MM subprocess, which may then be used to calculate the corresponding CEP cross section, for X = MM in (1.1). In [17] the gg → qqqq parton–level amplitudes were calculated, where each qq pair forms a meson state, and from this the flavour singlet and non–singlet meson pair CEP cross section was calculated. However, any non–zero gg component of the flavour singlet η^′ and, through mixing, η mesons will also be accessed via the gg → ggqq and gg → gggg subprocesses. We will show that these amplitudes, which on the face of it are quite unrelated, in fact display a striking similarity, being identical with each other and with the ‘ladder–type’ gg → qqqq amplitude calculated in [17], that only contribute for flavour–singlet mesons, up to overall normalization factors. We show how this remarkable result may be explained in the MHV framework by the fact that the same external parton orderings contribute in all three cases.

Theoretical studies of meson pair CEP in fact have a long history, which predates the perturbative Durham approach depicted in Fig. 1. Exclusive ππ production, for example, mediated by Pomeron–Pomeron fusion, has been a subject of theoretical studies within a Regge–pole framework since the 1970s (see, for instance [20–22] for early references and [23–25] for more recent ones). However, as discussed in [24, 25], at comparatively large meson transverse momenta, k_⊥, CEP should be dominated by the perturbative 2– gluon exchange mechanism discussed above and shown in Fig. 1. At lower k_⊥ a study of the transition region between these ‘non–perturbative’ and ‘perturbative’ regimes may be necessary, as was performed in [25] for the case of ππ CEP. For the (E_⊥ < 2.5 GeV, |η| < 1) meson pair event selection we will consider in this paper, the perturbative contribution was found to be dominant, and this is certainly expected to be true for the η(^′)η(^′) perturbative cross sections, which we will show to be enhanced relative to π^0π^0 production. We will therefore neglect such a Regge–based non–perturbative contribution throughout this paper.

The outline of this paper proceeds as follows. In Section 2 we introduce the CEP formalism for the process (1.1). In Section 3 we introduce the ‘hard exclusive’ formalism used to model the gg → MM subprocess amplitudes, and calculate for the first time the gg → ggqq and gg → gggg amplitudes through which the gg component of the η^′ and η is

– 2 – accessed in the CEP process. In Appendix B we show how these amplitudes may also be calculated using the MHV formalism, in a way which sheds some light on the interesting theoretical features which these amplitudes display. This aims to provide some theoretical insight into these amplitudes, but can be skipped by the reader who is only interested in the phenomenological implications of our analysis. In Section 4 we present numerical results for the CEP of η^′η^′, ηη^′ and ηη meson pairs, for a range of different sizes of the gg component of the flavour–singlet distribution amplitude. Finally, we conclude in Section 5.

2. Central exclusive production

The formalism used to calculate the perturbative CEP cross section is explained in detail elsewhere [26] and so we will only review the relevant aspects here (for recent reviews and references see [1–3]). The amplitude is described by the diagram shown in Fig. 1, where the hard subprocess gg → X is initiated by gluon–gluon fusion and the second t–channel gluon is needed to screen the colour flow across the rapidity gap intervals. We can write the ‘bare’ amplitude in the factorized form [25, 27]

T = π^2 ∫ d^2Q_⊥ M Q^2_⊥(Q_⊥ − p_{1⊥} )^2(Q_⊥ + p_{2⊥} )^2 f_g(x_1, x^′_1, Q^2_1, μ^2; t_1)f_g(x_2, x^′_2, Q^2, μ^2; t_2) , (2.1)

where the f_g’s in (2.1) are the skewed unintegrated gluon densities of the proton: in the kinematic region relevant to CEP, they are given in terms of the conventional (integrated) densities g(x, Q^2_i ). t_i is the 4–momentum transfer squared to proton i and μ is the hard scale of the process, taken typically to be of the order of the mass of the produced state: as in [27], we use μ = M_X /2 in what follows. The t–dependence of the f_g’s is isolated in a proton form factor, which we take to have the phenomenological form F_N (t) = exp(bt/2), with b = 4 GeV^{−2}. The M is the colour–averaged, normalised sub–amplitude for the gg → X process M ≡ 2 M^2_X 1 N^2_C − 1 ∑ a,b δ^{ab}q^μ_{1⊥} q^ν_{2⊥} V^{ab}_{μν} . (2.2)

Figure 1: The perturbative mechanism for the exclusive process pp → p + X + p, with the eikonal and enhanced survival factors shown symbolically.

– 3 –

Here a and b are colour indices, M_X is the central object mass, V^{ab}_{μν} represents the gg → X vertex and q_{i⊥} are the transverse momenta of the incoming gluons, given by

q_{1⊥} = Q_⊥ − p_{1⊥} , q_{2⊥} = −Q_⊥ − p_{2⊥} , (2.3)

where Q_⊥ is the momentum transferred round the gluon loop and p_{i⊥} are the transverse momenta of the outgoing protons. Only one transverse momentum scale is taken into account in (2.1) by the prescription

Q_1 = min{Q_⊥, |(Q_⊥ − p_{1⊥} )|} , Q_2 = min{Q_⊥, |(Q_⊥ + p_{2⊥} )|} . (2.4)

The longitudinal momentum fractions carried by the gluons satisfy ( x^′ ∼ Q_⊥ √ s ) ≪ ( x ∼ M_X √ s ) , (2.5)

where x^′ is the momentum fraction of the second t–channel gluon. The differential cross section at X rapidity y_X is then given by dσ dy_X = ⟨S^2_{enh}⟩ ∫ d^2p_{1⊥} d^2p_{2⊥}

|T (p_{1⊥} , p_{2⊥} )|^2 16^2π^5

S^2_{eik}(p_{1⊥} , p_{2⊥} ) , (2.6)

where T is given by (2.1) and S^2_{eik} is the ‘eikonal’ survival factor, the probability of producing no additional particles due to soft proton–proton rescattering. This is calculated using a generalisation of the ‘two–channel eikonal’ model for the elastic pp amplitude (see [28] and references therein for details).

Besides the effect of eikonal screening, S_{eik}, there is an additional suppression caused by the rescatterings of the intermediate partons (inside the unintegrated gluon distribution, f_g). This effect is described by the so–called enhanced Reggeon diagrams and usually denoted as S^2_{enh}, see Fig. 1. The value of S^2_{enh} depends mainly on the transverse momentum of the corresponding partons, that is on the argument Q^2_i of f_g(x, x^′, Q^2_i , μ^2; t) in (2.1), and depends only weakly on the p_⊥ of the outgoing protons (which formally enters only at NLO). While in [26, 29] the S^2_{enh}–factor was calculated using the formalism of [30], here, following [17, 25], we use a newer version of the multi–Pomeron model [31] which incorporates the continuous dependence on Q^2_i and not only three ‘Pomeron components’ with different ‘mean’ Q_i. We therefore include the S_{enh} factor inside the integral (2.1), with ⟨S^2_{enh}⟩ being its average value integrated over Q_⊥.

If we consider the exact limit of forward outgoing protons, p_{i⊥} = 0, then we find that after the Q_⊥ integration (2.2) reduces to M ∝ q^i_{1⊥} q^j_{2⊥} V_{ij} → 1 2 Q^2_⊥(V_{++} + V_{−−}) ∼ ∑ λ_1,λ_2

δ^{λ1λ2} V_{λ1λ2} , (2.7)

where λ_{(1,2)} are the gluon helicities in the gg rest frame. The only contributing helicity

– 4 – amplitudes are therefore those for which the gg system is in a J_z = 0 state, where the z–axis is defined by the direction of motion of the gluons in the gg rest frame, which, up to corrections of order ∼ q^2_⊥/M^2_X , is aligned with the beam axis. In general, the outgoing protons can pick up a small p_⊥, but large values are strongly suppressed by the proton form factor, and so the production of states with non–J_z = 0 quantum numbers is correspondingly suppressed (see [26, 29] for examples of this in the case of χ_{(c,b)} and η_{(c,b)} CEP). In particular, we find roughly that

|T (|J_z | = 2)|^2 |T (J_z = 0)|^2 ∼ ⟨p^2_⊥⟩^2 ⟨Q^2_⊥⟩^2

, (2.8)

which is typically of order ∼ 1/50 − 1/100, depending on the central object mass, cms energy √ s and choice of PDF set. As discussed in [17], this ‘J_z = 0 selection rule’ [32] will have important consequences for the case of meson pair CEP. Finally, we note that in (2.7) the incoming gluon helicities are averaged over at the amplitude level: this result is in complete contrast to a standard inclusive production process where the amplitude squared is averaged over all gluon helicities. Eq. (2.7) can be readily generalised to the case of non–J_z = 0 gluons which occurs away from the forward proton limit, see in particular Section 4.1 (Eq. (41)) of [26], which we make use of throughout to calculate the MM CEP amplitude from the corresponding gg → MM helicity amplitude.

3. gg → η(^′)η(^′) amplitudes: Feynman diagram calculation

3.1 The hard exclusive formalism

The leading order contributions to the γγ → MM process were first calculated in [18] (see also [19,33,34]), where M(M) is in this case a flavour non–singlet meson(anti–meson). The cross section has been calculated at NLO in [35]. For the case of mesons with flavor– singlet Fock states there is also a contribution coming from the LO two–gluon component of the meson, and this was calculated in [36] (see also [37, 38]). In particular, in [36] they considered the process γγ → η_1M (where M ≠ η_1), where η_1 is a flavour–singlet meson state that can has both a qq and a gg component. The amplitude can be written as M_{λλ}′ (ŝ, θ) = ∫_1 0 dx dy ϕ_1(x)ϕ_M (y) T^q_{λλ′} (x, y; ŝ, θ) + ∫_1 0 dx dy ϕ_G(x)ϕ_M (y) T^g_{λλ′} (x, y; ŝ, θ) , (3.1) where ŝ is the η_1M invariant mass, x, y are the meson momentum fractions carried by the quarks or gluons in the meson, λ, λ^′ are the photon helicities and θ is the scattering angle in the γγ cms frame. T^{q(g)}_{λλ′} is the hard scattering amplitude for the parton level process γγ → qq qq(gg), see Fig. 2, where each qq and gg pair is collinear and has the appropriate colour, spin, and flavour content projected out to form the parent meson. In the meson rest frame, the relative motion of the partons is small: thus for a meson produced with large momentum, |⃗k|, we can neglect the transverse component of the parton momentum, ⃗q, with respect to ⃗k, and simply write q = xk in the calculation of T_{λλ}′ . ϕ(x) is the leading twist meson distribution amplitude, representing the probability amplitude of finding a

– 5 –

(a) (b)

Figure 2: Representative Feynman diagrams for the γγ → qqqq(gg) processes. There are 20 Feynman diagrams of type (a), and the corresponding helicity amplitudes are given in [17] (see also [18, 19]). There are 24 diagrams of type (b), and the corresponding helicity amplitudes are given by (3.19, 3.20). There are 31 diagrams of type (a), but with the photons replaced by gluons, and the corresponding helicity amplitudes are given in [17].

valence parton in the meson carrying a longitudinal momentum fraction x of the meson’s momentum, integrated up to the scale Q over the quark transverse momentum ⃗q_t (with respect to meson momentum ⃗k). While ϕ_M (x) and ϕ_1(y) represent the qq distribution amplitudes of the mesons M and η_1, respectively, ϕ_G corresponds to the gg distribution amplitude of the η_1.

We recall (see [17] and references therein for further details) that the meson distribution amplitude depends on the (non–perturbative) details of hadronic binding and cannot be predicted in perturbation theory. However, the overall normalization of the qq distribution amplitude can be set by the meson decay constant f_M via [18]^1 ∫_1 0 dx ϕ_M (x) = f_M 2 √ 3 . (3.2)

It was also shown in [40] that for very large Q^2 the meson distribution amplitude evolves towards the asymptotic form ϕ_M (x, Q) →_{Q2→∞} √ 3f_M x(1 − x) . (3.3)

However this logarithmic evolution is very slow and at realistic Q^2 values the form of ϕ_M can in general be quite different. Indeed, the recent BABAR measurement of the pion transition form factor F_{πγ} (Q^2) [41, 42], for example, strongly suggests that ϕ_π(x, Q) does not have the asymptotic form out to Q^2 ≲ 40 GeV^2, although new Belle data [43] are in conflict with this. Another possible choice is the ‘Chernyak–Zhitnisky’ (CZ) form, which

1We note that this normalization, which we use throughout this paper, corresponds to the definition of fM given in [18] for the case of the pion, that is it with fπ ≈ 93 MeV. In the literature the value fπ → √ 2fπ ≈ 133 MeV, is often used, in particular in [13, 39], which we will refer to later. In Section 5 of [17], the more conventional value fπ ≈ 133 MeV is confusingly quoted, but in all numerical calculations the lower value was correctly taken.

– 6 – we will make use of later on [44]

ϕ^{CZ}_M (x, Q^2 = μ^2_0) = 5 √ 3f_M x(1 − x)(2x − 1)^2 , (3.4)

where the starting scale is roughly μ_0 ≈ 1 GeV. For the two–gluon distribution amplitude, ϕ_G(x), the normalization cannot be set as in (3.2), as we have ϕ_G(x) = −ϕ_G(1 − x), as required by the antisymmetry of the pseudoscalar spin projection (3.18) of the gluons under this interchange, but an analogous formula can be written down [36, 38, 45] ∫_1 0 dy ϕ_G(x, Q^2)(2x − 1) ∝ f_G(Q^2) . (3.5)

Such an expression serves to define f_G, the value of which is to be determined. While as Q^2 → ∞, it can be shown that the gg distribution amplitude vanishes due to QCD evolution [45, 46] lim Q^2→∞ ϕ_G(x) = 0 , (3.6)

there is no reason to assume this will be the case at experimentally relevant energies.

More precisely, the qq flavour–singlet and gg distribution amplitudes can be expanded in terms of the Gegenbauer polynomials C_n [40, 45, 46]

ϕ_{(1,8),M} (x, μ^2_F ) =

6f^M_{(1,8)} 2 √ N_C x(1 − x)[1 + ∑ n=2,4,··· a^{(1,8)}_n (μ^2_F )C^{3/2}_n (2x − 1)] ,

ϕ_{G,M} (x, μ^2_F ) = f^M_1 2 √ N_C √ C_F 2n_f x(1 − x) ∑ n=2,4,··· a^G_n (μ^2_F )C^{5/2}_{n−1}(2x − 1) , (3.7)

where μ_F is the factorization scale, taken as usual to be of the order of the hard scale of the process being considered, and n_f = 3 for η(^′) mesons. The f^M_{1,8} (with M = η, η^′ in the present case) are given by (3.11), with the M dependence expressing the difference due to the mixing of the η, η^′ states and decay constants. We assume that apart from this the distribution amplitudes, i.e. the a_n, are independent of the meson being considered. We choose to include the decay constants f^M_1 , f^M_8 explicitly in our definition of the distribution amplitudes, in contrast to, e.g. [13, 39], where they are introduced in the hard amplitude T_{λλ}′ in (3.1)^2.

The evolution of the distribution amplitude is then dictated by the μ^2_F dependence of

2Our choice of normalization of ϕ1,G differs further by a factor of 1/2 √ NC , which in [13] is included in the hard amplitude, and an additional factor of √ CF /2n_f x(1 − x) in ϕG due to the different normalization of the gg spin projection (3.18). Of course, the final physical result will not depend on the choice of convention, which simply corresponds to a choice of which overall factors to include in the distribution amplitude ϕG,1, and which to include in the hard amplitude T_{λλ}′ in (3.1).

– 7 – the coefficients a_n via

a^1_n(μ^2_F ) = a^{(+)}_n (μ^2_0) ( α_s(μ^2_0) α_s(μ^2_F )

)_γ^{(+)}_{n /β0} + ρ^{(−)}_n a^{(−)}_n (μ^2_0) ( α_s(μ^2_0) α_s(μ^2_F ) )_γ^{(−)}_{n /β0} ,

a^G_n (μ^2_F ) = ρ^{(+)}_n a^{(+)}_n (μ^2_0) ( α_s(μ^2_0) α_s(μ^2_F )

)_γ^{(+)}_{n /β0} + a^{(−)}_n (μ^2_0) ( α_s(μ^2_0) α_s(μ^2_F ) )_γ^{(−)}_{n /β0} . (3.8)

That is, the quark and gluon components mix under evolution. Here β_0 = 11 − 2n_f /3, the a^{(±)}_n (μ^2_0) at the starting scale μ_0 are inputs which must be, e.g., extracted from data, and the remaining factors γ^±, ρ^{(±)} are defined in Appendix A. We note that despite the different normalization convention we take in (3.7) for the quark and gluon distribution amplitudes, the coefficients a_n are defined so that they obey the same evolution equation as in for example [13]. While the size of the a^G_n (μ^2_F = Q^2) will decrease with increasing scale, their initial value can in principle be quite large, and the evolution of for example the leading coefficient a^G_2 → 0 with Q^2 is slow^3.

Finally, to make contact with the physical η, η^′ states we will be considering in this paper, we introduce the flavour–singlet and non–singlet quark basis states |qq_1⟩ = 1 √ 3 |uu + dd + ss⟩ , |qq_8⟩ = 1 √ 6 |uu + dd − 2ss⟩ , (3.9) and the two–gluon state |gg⟩ , (3.10) with corresponding distribution amplitudes given by (3.7). Here, we follow [47] (see also [48, 49]) in taking a general two–angle mixing scheme for the η and η^′ mesons. That is, the mixing of the η, η^′ decay constants is not assumed to follow the usual (one–angle) mixing of the states. This is most easily expressed in terms of the η and η^′ decay constants

f^η_8 = f_8 cos θ_8 , f^η_1 = −f_1 sin θ_1 , f^{η′}_8 = f_8 sin θ_8 , f^{η′}_1 = f_1 cos θ_1 , (3.11)

with the fit of [50] giving

f_8 = 1.26f_π , θ_8 = −21.2^∘ , f_1 = 1.17f_π , θ_1 = −9.2^∘ . (3.12)

We then take the distribution amplitudes (3.7) with the decay constants given as in (3.11), for the corresponding Fock components (3.9) and (3.10). That is, the η and η^′ states are

3The higher order n = 4, 6,... terms are found to evolve faster towards zero with increasing n. Combined with the fact that as n increases, the additional powers of C^{5/2}_{n−1}(2x − 1) (or C^{3/2}n (2x − 1) in the qq case) give a smaller numerical contribution to the distribution amplitude, this means that any fit can effectively truncate the series (3.7) after a limited number of terms.

– 8 – given schematically by (see for example [13, 39] for more details and discussion)

|η⟩ = f_8 cos θ_8 [ ϕ̃_{8,η}(x, μ^2_F )|qq_8⟩ ] − f_1 sin θ_1 [ ϕ̃_{1,η}(x, μ^2_F )|qq_1⟩ + ϕ̃_{G,η}(x, μ^2_F )|gg⟩ ] , |η^′⟩ = f_8 sin θ_8 [ ϕ̃_{8,η′} (x, μ^2_F )|qq_8⟩ ] + f_1 cos θ_1 [ ϕ̃_{1,η′} (x, μ^2_F )|qq_1⟩ + ϕ̃_{G,η′} (x, μ^2_F )|gg⟩ ] , (3.13)

where to make things explicit the distribution amplitudes ϕ̃ are defined as in (3.7), but with the decay constants divided out (i.e. ϕ̃_{8,η}(x, μ^2_F ) = ϕ_{8,η}(x, μ^2_F )/f^η_8 ...), and these do not represent the conventional, normalized expressions for the η^′, η Fock states, but simply indicate the decay constants and distribution amplitudes that should be associated with each qq and gg state in this two–angle mixing scheme.

3.2 Preliminary consideration: γγ → Mη_1

We begin this section by recalculating the γγ → η_1M helicity amplitudes, as in [36]. For simplicity, we consider the case of a pure flavour–singlet state η_1, but the following result can readilty be applied to the more realistic case of an η^′ or η meson. The appropriate qq and gg spin and colour quantum numbers are projected onto the relevant pseudoscalar meson states using [39, 40] P_{qq} = δ_{ij} √ N_C ( γ_5p̸_M √ 2 ) , (3.14) P_{gg} = − δ_{ab} √ N^2_C − 1 iϵ^{μν}_⊥ √ 2 , (3.15)

where ϵ^{12}_⊥ = −ϵ^{21}_⊥ = 1 and all other components are zero. It can be expressed as ϵ^{μν}_⊥ = 2 ŝ e^{μναβ} p^M_α p^{η1}_β , (3.16)

where ϵ^{0123} = −1. Explicitly, these correspond to the following combinations of spin states 1 √ 2 ( u_+(y) √ y v_−(1 − y) √ 1 − y + u_−(y) √ y v_+(1 − y) √ 1 − y ) = γ_5p̸_M √ 2 , (3.17) 1 √ 2 ( ϵ^{∗μ}_+ (x)ϵ^{∗ν}_− (1 − x) − ϵ^{∗μ}_− (x)ϵ^{∗ν}_+ (1 − x) ) = −i ϵ^{μν}_⊥ √ 2 , (3.18)

where u(z), v(z) are the usual Dirac spinors for the quarks and ϵ(z) is the polarization vector of the gluon, carrying momentum fraction z of the parent mesons, while the ± signs indicate the particle helicities. The normalizations are conventional (other choices are possible, provided the distribution amplitude is suitably re–defined to compensate), and we can see that these projections are odd under the parity transformation + ↔ −, as required for a P = −1 meson state. We make use of (3.14, 3.15) throughout this paper.

Explicitly calculating the amplitudes corresponding to the 24 contributing Feynman

– 9 – diagrams (see e.g. Fig. 1 (c) of [36])^4, we find T^{g(γγ)} ++ = T^{g(γγ)}_{−−} = 0 , (3.19) T^{g(γγ)} +− = T^{g(γγ)}_{−+}^!= √ N^2_C − 1 N_C 64π^2αe^2_q α_s ŝy(1 − y) b cos^2 θ − (2x − 1)a a^2 − b^2 cos^2 θ

, (3.20)

where the (γγ) is to distinguish these from the amplitudes with initial–state gluons that we will consider shortly. e_q is the quark charge in the meson M and a, b are given by

a = (1 − x)(1 − y) + xy , (3.21) b = (1 − x)(1 − y) − xy . (3.22)

The ‘!’ in (3.20) indicates that this is not an exact equality, but rather the result of the explicit calculation and (3.20) are equivalent after the amplitude T^{g(γγ)} has been integrated over the (antisymmetric) η_1 distribution amplitude ϕ_{G,η1} (x). That is, they are equivalent up to terms which are even under the interchange x → 1 − x. We note that (3.19) is consistent with the results of [36, 37], while (3.20) is consistent up to overall numerical factors (in particular our result is a factor of 2 larger than that of [37]). As no definition of the gluon spin projector (3.15) is given in [36, 37], while the results also differ between these two papers by a factor of 2x(1 − x), a precise comparison is quite difficult to make, and we can reasonably assume that the difference between (3.20) and the results [36,37] is due to differing normalization conventions for the spin projectors and gluon wavefunctions.

3.3 gg → ggqq(gg) amplitudes

Representative diagrams for the three processes we will consider are shown in Fig. 3: in the case of the 4g and 6g amplitudes, we note that all diagrams allowed by colour conservation and the antisymmetry of the gluon spin projection contribute to the total amplitude, and not just diagrams of this ladder type. After a quite lengthy calculation, we find that the gg → ggqq amplitude for J_z = 0 incoming gluons is given by

T^{gq}_{++} = T^{gq}_{−−} = −2 δ^{ab} √ N_C N^2_C − 1

64π^2α^2_s ŝxy(1 − x)(1 − y) (1 + cos^2 θ) (1 − cos^2 θ)^2

(2x − 1) , (3.23)

The gg → gggg amplitude for J_z = 0 incoming gluons is given by

T^{gg}_{++} = T^{gg}_{−−} = −4 δ^{ab}

N^2_C N^2_C − 1

64π^2α^2_s ŝxy(1 − x)(1 − y) (1 + cos^2 θ) (1 − cos^2 θ)^2

(2x − 1)(2y − 1) , (3.24)

We also reproduce for completeness the gg → qqqq amplitudes for flavour–singlet mesons

4We have made use of the FORM symbolic manipulation programme [51] throughout this paper.

– 10 –

(a) (b) (c)

Figure 3: Representative Feynman diagrams for the gg → MM process, where the M are flavour– singlet mesons. There are 8 Feynman diagrams of type (a), and the corresponding helicity amplitudes are given by (3.25, 3.26). There are 76 Feynman diagrams of type (b), and the corresponding J_z = 0 helicity amplitude is given by (3.23), while a numerical evaluation of the |J_z| = 2 case is shown in Fig. 4. There are 130 Feynman diagrams of type (c), and the corresponding J_z = 0 helicity amplitude is given by (3.24), while a numerical evaluation of the |J_z | = 2 case is shown in Fig. 4. In the case of the amplitudes for (b) and (c), all diagrams allowed by colour conservation are included, and not just diagrams of this ladder type.

corresponding to the ‘ladder diagrams’ as in Fig. 3 (a), see [17]. T^{qq.}_{++} = T^{qq.}_{−−} = − δ^{ab} N_C 64π^2α^2_S ŝxy(1 − x)(1 − y) (1 + cos^2 θ) (1 − cos^2 θ)^2

, (3.25) T^{qq.}_{+−} = T^{qq.}_{−+} = − δ^{ab} N_C 64π^2α^2_S ŝxy(1 − x)(1 − y) (1 + 3 cos^2 θ) 2(1 − cos^2 θ)^2

. (3.26)

Thus all three J_z = 0 amplitudes are identical, up to overall colour and normalization factors (including the factors of ‘(1 − 2x), (1 − 2y)’ which ensure that the amplitudes have the correct symmetry under the interchange x(y) ↔ 1 − x(y)).

In the case of the gg → ggqq and gg → gggg amplitudes for |J_z | = 2 incoming gluons we can find no simple closed form. However, by numerical evaluation we can see that they exhibit a similar angular behaviour to the J_z = 0 counterparts. We show this in Fig. 4, where we plot the differential cross sections dσ_{λ1λ2} /d| cos θ| corresponding to the amplitudes T^{gq}_{+−} and T^{gg}_{+−} (or equivalently, T^{gq}_{−+} and T^{gg}_{−+}).

We recall that, due to the selection rule which operates for CEP [32] the contribution of the |J_z| = 2 amplitudes is strongly suppressed. As observed in [17], this is particularly important in the case of flavour–non–singlet meson production. These mesons (which only have a qq component), cannot be produced in the ‘ladder–type’ gg → qqqq or the gg → ggqq subprocesses discussed above, where the qq pairs forming the mesons come from the same quark line. The contributing diagrams are instead of the type shown in Fig. 2 (left), with the photon pair replaced by gluons, but in this case it was found in [17] that the corresponding amplitude vanishes for J_z = 0 incoming gluons, and so the CEP cross section for flavour–non–singlet meson production is expected to be strongly suppressed.

We note that it can readily be shown from the Feynman rules for fermion fields that we should associate an additional factor of (−1) with the flavour–non–singlet amplitude of

– 11 –

Figure 4: Differential cross section dσ_{λ1 λ2} /d| cos θ| for gg → η_1η_1 via gg → ggqq and gg → gggg diagrams, shown for illustration, for √ ŝ = 5 GeV. The qq distribution amplitude is given by (3.4), with n_f = 3, while the gg distribution amplitude is given by (4.4), with f_1 = f_π. λ_{1,2} are the incoming gluon helicities.

Fig. 2 (a), for the case of incoming gluons, but not with the ‘ladder’ diagrams of Fig. 3^5. That the amplitudes corresponding to these two types of diagrams have a relative minus sign is not in fact surprising: if we consider the case that both qq pairs are of the same flavour, the diagram of the type shown in Fig. 2 (a) is completely equivalent (replacing the photon pair with gluons) to that of Fig. 3 (a) under the interchange of the identical fermion quarks (or anti–quarks).

Finally, it can be shown that the remarkable fact that (3.23), (3.24) and (3.25) are identical up to overall colour and normalization factors is not accidental, but can in fact be understood in a ‘MHV’ framework. We refer the reader to Appendix B for references and a detailed discussion of this.

4. Results

From Section 3.3 we can see that to first approximation (ignoring the flavour non–singlet component and the |J_z| = 2 amplitudes), the effect of including a gg component to the η^′η^′ CEP amplitude will simply be to multiply it by an overall normalization factor N_{gg}, given by (omitting the μ^2_F dependence for simplicity) N_{gg} = ∫ dx dy ( ϕ_{1,η}′ (x)ϕ_{1,η}′ (y)T^{qq}(x, y) + 2ϕ_{1,η}′ (x)ϕ_G(y)T^{qg}(x, y) + ϕ_G(x)ϕ_G(y)T^{gg}(x, y) ) ∫ dx dy ϕ_{1,η}′ (x)ϕ_{1,η}′ (y)T^{qq}(x, y) , (4.1) with all dependence on the final–state kinematic variables (i.e. cos(θ) and ŝ) dropping out, due to the identity of the corresponding amplitudes, up to overall colour and normalization

5In [17], the opposite assignment was taken. However only the quark contribution was considered, in which only the relative sign between these two types of diagram was important. The quoted cross sections and results are therefore correct.

– 12 – factors. For example for the qq term we may take ∫ dx dy ϕ_{1,η}′ (x)ϕ_{1,η}′ (y)T^{qq}(x, y) → 1 N_C n_f ∫ dx dy ϕ_{1,η}′ (x)ϕ_{1,η}′ (y) xy(1 − x)(1 − y) , (4.2)

where the factor of n_f (= 3) in the numerator comes from summing over the three quark flavours contributing to each qq state, divided by the wavefunction normalizations (3.9).

To give an initial estimate of the size of this effect, we recall from (3.7) that the gluon distribution amplitude can be written in the form

ϕ_{G,η}′ (x, μ^2_F ) = f^{η′}_1 2 √ N_C √ C_F 2n_f x(1 − x) ∑ n=2,4··· a^G_n (μ^2_F )C^{5/2}_{n−1}(2x − 1) . (4.3)

Neglecting higher order terms in n, we therefore have explicitly ϕ_{G,η}′ (x, μ^2_F ) ≈ 5f^{η′}_1 3 √ 6 a^G_2 (μ^2_F )x(1 − x)(2x − 1) . (4.4)

For the quark distribution, we will consider both the asymptotic (3.3) and CZ (3.4) distribution amplitudes, i.e. taking a^1_2(μ^2_0) = 0 and a^1_2(μ^2_0) = 2/3 in (3.7), respectively, with all higher n terms being zero. We have ∫ dx ϕ^{asym.}_{1,η′} (x) x(1 − x) = √ 3f^{η′}_1 , (4.5) ∫ dx ϕ^{CZ}_{1,η}′ (x) x(1 − x) = 5 √ 3 f^{η′}_1 , (4.6) ∫ dx ϕ_{G,η}′ (x)(2x − 1) x(1 − x) = 5a^G_2 9 √ 6 f^{η′}_1 . (4.7)

(4.8)

Using these we then have, as in (4.2) ∫ dx dy ϕ^{asym.}_{1,η′} (x)ϕ^{asym.}_{1,η′} (y)T^{qq}(x, y) → 3(f^{η′}_1 )^2 , 2 ∫ dx dy ϕ^{asym.}_{1,η′} (x)ϕ_{G,η}′ (y)T^{qg}(x, y) → 5a^G_2 3 (f^{η′}_1 )^2 , ∫ dx dy ϕ^{CZ}_{1,η}′ (x)ϕ^{CZ}_{1,η}′ (y)T^{qq}(x, y) → 25 3 (f^{η′}_1 )^2 , 2 ∫ dx dy ϕ^{CZ}_{1,η}′ (x)ϕ_{G,η}′ (y)T^{qg}(x, y) → 25a^G_2 9 (f^{η′}_1 )^2 , ∫ dx dy ϕ_{G,η}′ (x)ϕ_{G,η}′ (y)T^{gg}(x, y) → 25(a^G_2 )^2 108 (f^{η′}_1 )^2 , (4.9)

where again the μ^2_F dependence is omitted for simplicity, and it is understood that ϕ^{CZ}_{1,η}′ (x) is evaluated at the scale μ_0, so that it is given by (3.4).

– 13 –

Figure 5: n = 2 coefficient of the expansion (4.3) of the gg distribution amplitude ϕ_{G,M} (x, μ^2_F ), as a function of the scale μ^2_F . We assume that the flavour–singlet qq distribution amplitude with which this mixes under evolution is given by the CZ form (3.4). The μ^2_F dependence exhibited in the plot is largely insensitive to the form of the qq distribution amplitude. For a^G_2 < 0 the μ^2_F dependence is identical up to the overall factor of (−1).

To give an initial numerical estimate we may then for illustration take the value from [13] a^G_{2,fit}(μ^2_0) = 19 ± 5 , (4.10)

which is extracted from the transition form factors F_{η(}′_{)γ} (Q^2), and where all higher (n = 4, 6...) order terms are neglected. However, this corresponds to the gg distribution amplitude at the scale μ^2_0 = 1 GeV^2. In fact (see also [13]), the leading coefficient a^G_2 (μ^2_F ) of ϕ_G(x, μ^2_F ) evolves rapidly away from its value at μ_0, decreasing by roughly a factor of ∼ 3 for μ^2_F ≈ 10 GeV^2, and decreasing at a much slower rate after that, see Fig. 5. Thus, to give an initial numerical estimate we can take a^G_n (μ^2_F = 10 GeV^2) ≈ 7, corresponding to an experimentally realistic value of M_X ≈ 5 GeV. In this case, we find from (4.9) that

N^{asym}_{gg} ≈ 9 , (4.11) N^{CZ}_{gg} ≈ 5 , (4.12)

and therefore we will expect a potentially large increase (∼ N^2_{gg}) in the η(^′)η(^′) CEP cross section for this value (4.10) of a^G_2 (μ^2_0). While (4.10) may give some rough guidance for the expected size of the gg component of the η(^′), we note that the fit of [13] contains important uncertainties, see the discussion at the end of this section, and so the question of the size of a^G_2 (μ^2_0) is not settled. Therefore, to give a conservative evaluation of the sensitivity of the CEP process to the size of this gg component, we will consider in what follows a band of cross section predictions, corresponding to the range

a^G_2 (μ^2_0) ∈ (−a^G_{2,fit}/2, +a^G_{2,fit}/2) = (−9.5, 9.5) . (4.13)

As we will see, even within this quite narrow and conservative range of values, the predicted CEP cross section changes considerably. The results we present below are based on an exact

– 14 – numerical calculation, using a modification of the SuperCHIC MC [52], and including the precise effect of the evolution of the gg and qq wavefunctions, in contrast to the rough estimate described above. We take μ_0 = 1 GeV and μ^2_F = M^2_X /2 (being of order the squared momentum transfer ∼ |t̂|, |û|) throughout, although other choices of factorization scale are of course possible.

We show in Figs. 6, 7 the cross sections for η^′η^′, ηη and ηη^′ production using the CZ form (3.4) for the quark distribution amplitude, for three different choices a^G_2 (μ^2_0) = (−9.5, 0, 9.5) of the gg distribution amplitude normalization (4.13), and for the mesons required to have transverse energy E_⊥ > 2.5 GeV and pseudorapidity |η| < 1. All cross section predictions in this paper are calculated using MSTW08LO PDFs [53]: while there is in general a reasonably large variation in the predicted cross sections (which are sensitive to the low x and Q^2 region of the gluon density) on the choice of PDF, we use this set as it gives a prediction which is consistent with the existing CDF exclusive γγ data [16], see for example [25] for further discussion. We show the cross sections for √ s = 0.9, 1.96 GeV, as these are the energies at which the existing CDF data on exclusive final–states have been taken, and from a further analysis of which we may hope for an observation of these meson pair CEP processes to come [14]. At the LHC, we expect the cross section (for the same event selection) to be roughly a factor of ∼ 3–5 larger for √ s = 7–14 TeV, with the particle distributions almost unchanged. For a^G_2 (μ^2_0) = 9.5, we can see that the expected cross section increases significantly, while for negative a^G_2 the gq interferes destructively with the gg and qq contributions, leading to a suppression in the predicted cross section. The predicted ηη cross section is less suppressed, due to the |J_z | = 2 flavour–non–singlet contribution (see the discussion in section 3.3), which for the lower flavour–singlet cross sections (corresponding to a^G_2 = 0, −9.5) becomes important.

We note that the extracted value of a^G_2 (μ^2_0) in general depends on the form of the flavour–singlet quark distribution amplitude, i.e. the size of the a^1_n(μ^2_0) in (3.7). With this in mind, in Fig. 8 we show the same cross sections at √ s = 1.96 TeV, but for the asymptotic form of the quark distribution amplitude (3.3). The a^G_2 (μ^2_0) = 0 cross section is predicted to be somewhat smaller than for the CZ distribution amplitude choice, while a similar, somewhat larger, relative enhancement is seen for the case that a^G_2 (μ^2_0) = 9.5. For a^G_2 (μ^2_0) = −9.5 the destructive interference is in fact almost exact for this M_X region, and so the cross sections are predicted to be very strongly affected. However, we would not necessarily expect to see such a large destructive interference effect in the data, as such an exact cancellation may not occur at higher orders. Again, we stress that these only correspond to specific cases in a band of possible a^G_2 (μ^2_0), and that the real size of this may be smaller.

Neglecting contributions with |J_z| = 2 incoming gluons, the ratio of η^′η^′ to ηη (ηη^′) cross sections are determined by the mixing in (3.11–3.13) to be

σ(η^′η^′) : σ(ηη^′) : σ(ηη) = 1 : 2 tan^2(θ_1) : tan^4(θ_1) ,

≈ 1 : 1 19 : 1 1450

, (4.14)

– 15 –

Figure 6: Differential cross section dσ/dM_X for X = η^′η^′, ηη, ηη^′ production at √ s = 1.96 TeV with MSTW08LO PDFs [53], taking the CZ form (3.4) for the quark distribution amplitude, and for a band of a^G_2 (μ^2_0) values for the gg distribution amplitude. The mesons are required to have transverse energy E_⊥ > 2.5 GeV and pseudorapidity |η| < 1.

where we have taken the value of θ_1 from (3.12)^6 and the factor of ‘2’ in the ηη^′ case accounts for the non–identity of the final–state particles. A measurement of the cross section ratios (in particular, σ(η^′η^′)/σ(ηη^′)), would therefore serve as a probe of the mixing parameter, θ_1, see (3.12). This ratio is predicted to be unchanged by the inclusion of a non–zero gluon component a^G_2 ≠ 0, as for J_z = 0 incoming gluons only the flavour–singlet component η_1 of the η and η^′ mesons contributes, while we have seen in Section 3 that the gg → ggqq and gg → gggg amplitudes are identical in form to the purely quark case gg → qqqq, and will therefore only effect the overall normalization of this flavour–singlet contribution. In the ratio of cross sections, this overall factor cancels and we are left with the scaling of (4.14) irrespective of the size of the gg component. In Table 1 we show numerical results for the ratios (4.14): due to the relative importance of the |J_z| = 2 flavour non–singlet contribution, in the ηη case, this scaling is only expected to be approximate, see below

6We note that the predicted η^′η and ηη cross sections are lower than in [17]. This is due to the different choice of mixing scheme (3.11–3.13) and in particular the lower value of θ1, which leads to a smaller flavour– singlet component of the η. It is found in for example [50, 54, 55] that this scheme (3.11–3.13) and choice of mixing parameters describe the available data well. A measurement of the cross section ratios in (4.14) would certainly shed further light on this.

– 16 –

Figure 7: Differential cross section dσ/dM_X for X = η^′η^′, ηη, ηη^′ production at √ s = 0.9 TeV with MSTW08LO PDFs [53], taking the CZ form (3.4) for the quark distribution amplitude, and for a band of a^G_2 (μ^2_0) values for the gg distribution amplitude. The mesons are required to have transverse energy E_⊥ > 2.5 GeV and pseudorapidity |η| < 1.

(there is also in all cases a small effect due to the differing η and η^′ masses in the MC simulation).

Thus, to first approximation we can only look at absolute value of the various η(^′)η(^′) CEP cross sections to determine the size of the gg component, a^G_2 (μ^2_0). This is potentially problematic because of the other uncertainties in the CEP calculation, due primarily to the value of the survival factors S^2_{eik}, S^2_{enh}, which are not known precisely, and potential higher–order corrections in the hard process, which combined are expected to a give a factor of ∼^×_÷2 − 3 uncertainty, as well as a sizeable PDF uncertainty in the low–x, Q^2 regime relevant to such processes (see [25] for a detailed discussion of this and further references). Nevertheless, given the sensitivity of the CEP cross section to the gg → gggg and gg → ggqq subprocess, if the gg component of the η(^′) is sizeable enough (as the result of [13], for example, suggests), such a measurement may still provide useful information.

However, it is more reliable to look at the ratio of the η(^′)η(^′) cross section to other processes, in which case many of the uncertainties due to PDFs and survival factors largely cancel out and a potentially much cleaner measurement of the gg component of the η(^′) becomes possible. With this in mind we show for illustration in Table 2 the ratio of the ηη

– 17 –

Figure 8: Differential cross section dσ/dM_X for X = η^′η^′, ηη, ηη^′ production at √ s = 1.96 TeV with MSTW08LO PDFs [53], taking the asymptotic form (3.3) for the quark distribution amplitude, and for a band of a^G_2 (μ^2_0) values for the gg distribution amplitude. The mesons are required to have transverse energy E_⊥ > 2.5 GeV and pseudorapidity |η| < 1.

to π^0π^0 and η^′η^′ to γγ cross sections^7, for the same three choices a^G_2 (μ^2_0) = (−9.5, 0, 9.5) of the gg distribution amplitude normalization (4.13).

As mentioned above, the scaling of (4.14) is only approximate, as it ignores the possibility of a flavour–non–singlet contribution for the case that the incoming gluons in the gg → η(^′)η(^′) subprocess are in a |J_z | = 2 state. Such a contribution may in particular be relevant for ηη production, when the suppression in the flavour–singlet cross section due to the small mixing ∼ sin^4 θ_1 can be comparable to the suppression of the flavour–non–singlet contribution due to the J_z = 0 selection rule that operates for CEP [32]. This can be seen in Table 1, where the ratio of η^′η^′ to ηη (and ηη^′) cross sections differs from (4.14) due to this

7The π^+π^− CEP cross section is predicted to be identical to the neutral pion case, up to a factor of 2 due to the non–identity of the final–state particles. The observation of such a process has recently been reported in [15], although it is not clear that this measurement probes sufficiently high pion k_⊥ for the perturbative approach discussed here to be applicable. In order to better clarify the situation, a measurement of the meson k_⊥– distributions corresponding to the same data would be very useful, while a comparison between the k_⊥ (and Mππ ) distributions at 1.96 TeV and 900 GeV would probe the size of any possible contamination due to proton dissociation [3]. We also note that we expect π^+π^− (and K^+K^−) data to come soon from CMS [56], with a veto applied on any additional particles within their rapidity coverage, which should contain a sizeable exclusive component.

– 18 – additional contribution. For larger values of a^G_2 (μ^2_0), the flavour non–singlet contribution becomes relatively less important and we approach the expected values; a measurement of these ratios may therefore serve as an additional probe of the gg contribution. Recalling that the π^0π^0 CEP cross section is also predicted to be strongly suppressed, due to the vanishing at LO of the gg → π^0π^0 amplitude for J_z = 0 incoming gluons, a measurement of the ratios σ(η(^′)η(^′))/σ(π^0π^0) would also represent as an important probe of the J_z = 0 selection rule^8.

We can also see from Table 2 (see also [17]) that the η^′η^′ cross section is expected to be somewhat larger than for γγ CEP. However, multiplying by the corresponding branching ratios, Br(η^′ → γγ) ≈ 2% and Br(η → γγ) ≈ 40% [57], squared, we can see in Table 2 that the cross sections for η^′η^′ (and also for ηη) CEP after branching to the 4γ final state are predicted to be a small fraction of the direct γγ CEP cross section for the relevant event selection, with a similar result holding for the ηη^′ final state. We therefore do not expect these to represent an important background to the existing CDF [16] and any forthcoming CMS [58] γγ data^9.

a^G_2 (μ^2_0) -9.5 0 9.5 σ(η^′η^′)/σ(ηη) 210 1300 1600 σ(η^′η^′)/σ(ηη^′) 20 20 20 σ(ηη^′)/σ(ηη) 11 66 78

Table 1: Ratios of η(^′)η(^′) CEP cross sections at √ s = 1.96 TeV with MSTW08LO PDFs [53], for a gg distribution amplitude with different choices of a^G_2 (μ^2_0) and with the qq distribution amplitude given by the CZ form (3.4). The meson are required to have transverse energy E_⊥ > 2.5 GeV and pseudorapidity |η| < 1.

a^G_2 (μ^2_0) -9.5 0 9.5 σ(ηη)/σ(π^0π^0) 2.7 12 66 σ(η^′η^′)/σ(π^0π^0) 570 16000 100000 σ(η^′η^′)/σ(γγ) 3.5 100 660 σ(η^′η^′ → 4γ)/σ(γγ) 0.0017 0.049 0.33 σ(ηη → 4γ)/σ(γγ) 0.0025 0.012 0.066

Table 2: Ratios of η(^′)η(^′) to π^0π^0 and γγ CEP cross sections at √ s = 1.96 TeV with MSTW08LO PDFs [53], for a gg distribution amplitude with different choices of a^G_2 (μ^2_0) and with the qq distribution amplitude given by the CZ form (3.4). The meson/photons are required to have transverse energy E_⊥ > 2.5 GeV and pseudorapidity |η| < 1. Also show are the ratios σ(η^′η^′)/σ(γγ) and σ(ηη)/σ(γγ) cross sections multiplied by the η(^′) → γγ branching ratios squared.

8It should be noted that any NNLO corrections or higher twist effects which allow a Jz = 0 contribution may cause the precise value of the flavour–non–singlet ηη (and π^0π^0) cross section to be somewhat larger than the leading–order, leading–twist |Jz | = 2 estimate.

9Moreover there should be a further reduction, in any contamination from η, η^′ → 4γ due to the experimental exclusivity and isolation cuts and event selection. On the other hand it is worth mentioning that the multi–photon decay modes of the η and η^′ are quite sizeable (about 72% and 18% respectively [57]) and, in principle, these may also contribute to the background.

– 19 –

We recall that while various estimates are available in the literature (see for example [4, 10, 59–62]), no firm consensus exists about the precise size of the gg component^{10} of the η(^′), which is indicative of the uncertainty present in these ‘standard’ approaches, see for example [10] for a discussion of the theoretical uncertainties ( in e.g. decay form factors) present in such extractions. In [13], for example, the gluonic contribution to the η(^′) transition form factor F_{η(}′_{)γ} (Q^2) only enters at NLO, and so has a relatively small effect, so that the extracted value relies on a precision fit to the data^{11}. In the case of CEP, on the other hand, the gluonic amplitudes (3.23), (3.24) enter at LO and so, as we have seen above, it is potentially strongly sensitive to such a gg contribution. An observation of ηη, η^′η^′ and/or ηη^′ CEP could therefore shed important light on this uncertain issue.

5. Conclusion and Outlook

In this paper we have performed a detailed analysis of the central exclusive pair production of pseudoscalar η and η^′ mesons, pp → p + X + p, with X = ηη, η^′η^′ and ηη^′. We have concentrated on the case that the mesons are produced at sufficiently high transverse momentum k_⊥, that a perturbative approach which combines the Durham model of the general CEP process (see e.g. [26] and references therein) with the ‘hard exclusive’ formalism (see e.g. [18, 19, 33] and references therein) used to model the specific gg → η(^′)η(^′) subprocess, can be applied.

We have in particular extended the previous work of [17] to include the possibility of a non–zero flavour–singlet gg valence component of the η^′ (and η) mesons. We recall that knowledge of the quark and gluon components of these states would provide important information about various aspects of non–perturbative QCD, see the Introduction for more details. With this in mind we have calculated for the first time the amplitudes gg → ggqq and gg → gggg, where the gg, qq pairs form collinear pseudoscalar meson states with the right spin and colour quantum numbers, see Fig. 3.

It is worth emphasizing that the parton–level amplitudes relevant to the CEP of flavour–singlet (and non–singlet) meson pairs in the perturbative regime exhibit some remarkable features. In [17] it was shown that, for the case that the incoming gluons are in a J_z = 0 state, the parton–level amplitude for the production of flavour–non–singlet states, gg → qqqq, vanishes completely at LO, while the |J_z| = 2 amplitude exhibit a ‘radiation zero’ at a particular value of the c.m.s. scattering angle. On the other hand, the production of flavour–singlet qq states can take place via a separate set of ‘ladder diagrams’, see Fig. 3 (a), and in this case the J_z = 0 amplitude does not vanish, and can be written in a very simple form. In this paper, we have shown that if one or both of these qq pairs forming

10For example, the situation with regards to the χ_{c(0,2)} decays into η and η^′ pairs appears somewhat puzzling. Experimentally, no enhancement in the production of the η, η^′ pairs as compared to pions is observed (after taking trivial phase space effects into account). This may indicate that there is some destructive interference between the qq and the gg components of the pseudoscalar bosons, or that the gg component is small. See [13] for other ideas and [63] for a review and further discussion.

11The potential importance of power corrections to F_{η(}′_{)γ} (Q^2) at lower values of Q^2, where much of the existing data lies, may in fact cast doubt on the reliability of such a fit. We thank Viktor Chernyak for a useful discussion on this topic.

– 20 – the flavour–singlet meson states is replaced by a gluon pair gg, as in e.g. Fig. 3 (b,c), then these apparently unrelated amplitudes, gg → ggqq and gg → gggg, are identical to each other and to this ‘ladder–type’ amplitude, up to overall normalization factors. That is, they are predicted to have exactly the same angular dependence in the incoming gg rest–frame. In [17] and in Section B we have shown how these remarkable and non–trivial results may be explained in the MHV framework by the fact that the same external parton orderings contribute in all three cases.

In CEP, this contribution from a gg valence component of the η^′, η mesons enters at the same (leading) order to the purely qq contribution. We have seen in Section 4 that as a result the predicted η(^′)η(^′) CEP cross sections display quite a strong sensitivity to any potential gg component of the η^′, η mesons. An observation of ηη, η^′η^′ and/or ηη^′ CEP could therefore provide a potentially powerful handle on the structure of the η^′, η states. More generally, the observation of such meson pair (η(^′)η(^′), ππ, KK...) CEP processes would serve as a test of the unique properties of the gg → MM parton–level helicity amplitudes, in particular the vanishing of the J_z = 0 amplitudes for flavour non– singlet mesons and the identical form of the gg and qq mediated flavour–singlet amplitudes. We emphasize in particular that the η^′η^′ CEP cross section is predicted to be very large, see Section 4. These results, in conjunction with the J_z = 0 CEP selection rule, lead to highly non–trivial predictions for the meson pair CEP cross sections, which it would be very interesting to compare to data.

Finally, we note that we may expect new results on η(^′)η(^′) and meson pair CEP more generally to come from further analysis of the existing CDF data (in particular the existing 4γ candidates with E_T > 2.5 GeV and forward rapidity gaps) as well as from the CMS/Totem (ATLAS) special low-pileup runs with sufficient luminosity [14, 15]. At CDF, the observation of γγ CEP has already been reported [16], and it was determined experimentally that the contamination caused by π^0π^0 → 4γ CEP, with the photons in the π^0 decay merging or one photon being undetected, is very small (< 15 events, corresponding to a ratio N(π^0π^0)/N(γγ) < 0.35, at 95% C.L.), in agreement with the prediction of [17], for which σ(π^0π^0)/σ(γγ) ∼ 1%. This prediction is a non–trivial result of the perturbative CEP framework and the hard exclusive formalism, and an observation of π^0π^0 CEP, which may hopefully come with the increased statistics that a further analysis of the existing data can bring [14], would certainly represent an interesting further test of the theoretical formalism. In Section 4 we observed that the η^′η^′ and ηη to 4γ cross sections are expected to be of about the same size or maybe even be larger than the π^0π^0 cross section, but that they should not be an important background to γγ CEP. Nonetheless, this raises the possibility of a future observation of these processes via the γγ decay chain. We also note that the branching ratios for the ρ^0γ and ηπ^+π^− decays of the η^′ are sizeable, and may be viable channels for the observation of η^′η^′ (and ηη^′) CEP, a possibility which would hopefully be confirmed after further analysis and simulations.

To conclude, the CEP of η^′ and η meson pairs, in the perturbative regime, represents a novel (and complementary) probe of the size of a flavour–singlet gg component of these mesons. It is our hope that future η^′, η pair CEP data and analysis will be forthcoming from the Tevatron and the LHC and that through this we can shed some light on this

– 21 – interesting and currently uncertain question.

Acknowledgements

We thank Mike Albrow, Erik Brucken, Victor Chernyak, Risto Orava, Kornelija Passek– Kumeric̆ki and Antoni Szczurek for useful discussions. This work was supported by the grant RFBR 11-02-00120-a and by the Federal Program of the Russian State RSGSS- 4801.2012.2. WJS is grateful to the IPPP for an Associateship. VAK thanks the Galileo Galilei Institute for Theoretical Physics for hospitality and the INFN for partial support during the completion of this work.

A. Meson distribution amplitudes: anomalous dimensions

The anomalous dimensions which control the evolution (3.8) are given by [45, 46]

γ^{qq}_n = C_F [ 3 + 2 (n + 1)(n + 2) − 4 n+1∑ i=1 1 i ] , γ^{qg}_n = C_F n(n + 3) 3(n + 1)(n + 2) n ≥ 2 , γ^{gq}_n = n_f 12 (n + 1)(n + 2) n ≥ 2 , γ^{gg}_n = β_0 + N_C [ 8 (n + 1)(n + 2) − 4 n+1∑ i=1 1 i ] . (A.1)

In terms of these we can then write down the eigenvalues γ^{(±)}_n which diagonalise the anomalous dimensions

γ^{(±)}_n = 1 2 [ γ^{qq}_n + γ^{gg}_n + √ (γ^{qq}_n − γ^{gg}_n )^2 + 4γ^{qg}_n γ^{gq}_n ] . (A.2)

The parameters ρ^{(±)}_n in (3.8) are given by

ρ^{(+)}_n = 6 γ^{gq}_n γ^{(+)}_n − γ^{gg}_n

, ρ^{(−)}_n = 1 6 γ^{qg}_n γ^{(−)}_n − γ^{qq}_n , (A.3)

B. MHV calculation

It is well known (see for example [64]) that the tree level n–gluon scattering amplitudes, in which the maximal number (n−2) of gluons have the same helicity, the so–called ‘maximally helicity violating’ (MHV), or ‘Parke–Taylor’, amplitudes, are given by remarkably simple formulae [65, 66]. These results were extended using supersymmetric Ward identities to include amplitudes with one and two quark–antiquark pairs in [64], where ‘MHV’ refers to the case where (n − 2) partons have the same helicity. In these cases, simple analytic expressions can again be written down for the MHV amplitudes, while for greater than

– 22 –

2 fermion–anti–fermion pairs (recalling that the helicities of a connected fermion–anti– fermion pair must be opposite) no MHV amplitudes exist.

With this in mind, we will show that the fact that (3.23), (3.24) and (3.25) are identical up to overall colour and normalization factors is not accidental, but follows from the observation that the J_z = 0 helicity amplitudes considered in Section 3.3 are MHV, with n − 2 = 4 partons (the two incoming gluons, and two outgoing partons) having the same helicity. We will in particular show that the same set of MHV partial amplitudes, i.e. with the same orderings of the parton momenta, contributes in all cases. This section explores purely theoretical aspects of the previously calculated amplitudes, and so a reader who is only interested in the CEP cross section predictions may skip forward to Section 4.

We recall that in general it is well known that a full n–parton amplitude M_n can be written in the form of a ‘dual expansion’, as a sum of products of colour factors T_n and purely kinematic partial amplitudes A_n M_n({p_i, h_i, c_i}) = ig^{n−2} ∑ σ T_n(σ{c_i})A_n(σ{1^{λ1} , · · · , n^{λn} ) , (B.1)

where c_i are colour labels, i^{λi} corresponds to the ith particle (i = 1 · · · n), with momentum p_i and helicity λ_i, and the sum is over appropriate simultaneous non–cyclic permutations σ of colour labels and kinematics variables. The purely kinematic part of the amplitude A_n encodes all the non–trivial information about the full amplitude, M_n, while the factors T_n are given by known colour traces, see for instance [67] for more details. Adjusting the notation from (B.1) slightly for clarity, the n–gluon and qq ((n − 2)–gluon) MHV partial amplitudes are given by A(g^+_1 , g^+_2 , ..., g^−_i , ..., g^−_j , ..., g^+_n ) = ⟨i j⟩^4 ∏_n k=1⟨k k + 1⟩ , (B.2)

A(g^+_1 , g^+_2 , ..., g^−_i , ..., q^−_j , q^+_{j+1}, ..., g^+_n ) = ⟨i j⟩^3⟨i j + 1⟩ ∏_n k=1⟨k k + 1⟩ , (B.3)

where ⟨k_i k_j ⟩ ≡ ⟨k^−_i |k^+_j ⟩ = u_−(k_i)u_+(k_j ) = v_+(k_i)v_−(k_j ) is the standard spinor contraction, and all momenta are defined as incoming. For the case that the quark (anti–quark) has positive (negative) helicity, it is sufficient to simply interchange j and j+1 in the numerator of the right hand side. The form of (B.3) expresses the important requirement that gluons are always emitted from the ‘same side’ of the connected quark–antiquark line (see for example Fig. 1 of [68] and the discussion in the text); that is, the qq pair must appear consecutively and in the same order.

We can then apply these general formulae to the specific n = 6 amplitudes in Section 3.3, where the outgoing qq and gg pairs must form collinear meson states of the correct colour and spin. Firstly, we can see that in the case of both of the n–parton amplitudes (B.2) and (B.3), the numerators are independent of the particular (non–cyclic) permutation of the partons being considered, and will therefore factorize. The form this takes is given by the corresponding spin projections, as in (3.17) and (3.18). In particular,

– 23 – if we define the following momenta

l_3 = xp_3 l_4 = (1 − x)p_3 l_5 = yp_4 l_6 = (1 − y)p_4 , (B.4)

where p_{3,4} are the 4–momenta of the outgoing mesons, then the numerator in the 6–gluon case corresponds to (recalling that the helicity here is defined with respect to the incoming gluon momenta)

(g^−(l_3)g^+(l_4) − g^+(l_3)g^−(l_4))(g^−(l_5)g^+(l_6) − g^+(l_5)g^−(l_6)) → ⟨4 6⟩^4 + ⟨3 5⟩^4 − ⟨3 6⟩^4 − ⟨4 5⟩^4 = ŝ^2(2y − 1)(2x − 1) . (B.5)

In the qq case, the final expression is the same, but with the factor of ‘(2y − 1)’ removed.

We can see from (B.2) and (B.3) that the amplitudes for a given ordering of partons are identical between the two cases, up to these overall numerator factors. To justify the statement that it is indeed the same set of orderings which contribute in the case of both amplitudes (3.23) and (3.24), we must consider the colour factors, T_n, in (B.1). In the qq case this is given by T_n((n − 2)g + qq) = (λ^1 · · · λ^{n−2})_{i1j1} , (B.6)

where i_1(j_1) is the colour index the quark (anti–quark). In the n–gluon case, T_n is given by T_n(ng) = Tr (λ^1 · · · λ^n) . (B.7)

For a given T_n, the corresponding diagram has the same cyclic ordering of the quark and gluons as their colour labels in T_n. The λ matrices are normalized (unconventionally) so that Tr(λ^aλ^b) = δ^{ab}, as required by the form of the expansion given in (B.1).

Now, an explicit calculation in Section 3.3 has shown that in both cases it is only the leading terms in N_C which give a non–zero contribution. In the gg → qqgg case the terms of order 1/N_C which come from certain ‘abelian diagrams’ (i.e. those which are identical to the γγ → qqgg diagrams, with the photons replaced by gluons) do not contribute due to the vanishing of the J_z = 0 two–photon amplitudes (3.19), while in the gg → 4g case, all colour factors coming from the colour–singlet final and initial states are of order N^2_C . We therefore know that all the partial amplitudes with colour factors T_n which are sub–leading in N_C must sum to give zero contribution, and can be neglected. By considering the various possible values of T_n for different non–cyclic orderings of the quarks and gluons, it is easy to show that only those diagrams of the type shown in Fig. 9 (d–f) and Fig. 9 (g–i) give such a leading N_C colour factor, with in particular

T_6(4g + qq) = N_C + · · · , (B.8) T_6(6g) = N^2_C + · · · , (B.9)

in all cases. That is, the same type of diagrams (corresponding to a given ordering of the external parton momenta) contribute in both cases. Recalling that the denominator term

– 24 –

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure 9: Representative contributing MHV diagrams for flavour singlet meson pair production, via (a–c) gg → qqqq (d–f) gg → qqgg (g–i) gg → gggg

in (B.2) and (B.3) is identical for a given particle ordering, while the numerator and colour factors factorize, we can see that the resulting amplitudes will be equivalent up to these overall factors, as expected.

Explicitly, calculating the partial amplitudes corresponding to the 6g diagrams shown in Fig. 9 (g–i), including those coming from interchanging p_1 ↔ p_2, x → 1−x and y → 1−y, we find

A^{6g}_g = −2

(t̂ − û)^2 ŝû^2t̂^2

, (B.10)

A^{6g}_h = −2 ŝ û^2t̂^2

, (B.11)

A^{6g}_i = 0 , (B.12)

where these correspond to the kinematic amplitudes with the numerator factors, as in (B.5), as well as an additional factor of xy(1 − x)(1 − y) in the denominator, omitted for

– 25 – simplicity, and the subscript (‘g,h,i’) indicates the corresponding diagram in Fig. 9. The amplitudes in the 4g case are all a factor of 2 smaller due to the requirement that only those diagrams with the gluons emitted on one side of the quark line are included, while there is no such requirement for the purely gluonic case.

In fact, the individual MHV amplitudes corresponding to these parton orderings are divergent, due to factors of ⟨l_3l_4⟩ ∼ p^2_3 = 0 and ⟨l_5l_6⟩ ∼ p^2_4 = 0 present in the denominators, but the sum over all particle interchanges (in particular, of the two gluons forming the meson states, i.e. l_3(l_5) ↔ l_4(l_6), where there is only one pair to be interchanged in the ggqq case) is not. To arrive at these (finite) results requires a careful grouping of the contributing amplitudes and application of the Schouten identity

⟨1 2⟩⟨3 4⟩ = ⟨1 4⟩⟨3 2⟩ + ⟨1 3⟩⟨2 4⟩ . (B.13)

Combining (B.12) with the relevant numerator, colour and normalization factors, we can readily reproduce the expressions of (3.24) and (3.23), up to an overall phase, which we take to be due the differing convention for the overall phase of the amplitude which the normalization of (B.1) implies.

Finally we turn to the gg → qqqq amplitude. We first consider the colour factor, T_n, in (B.1) for the qqqq case. This is given by

T_n((n − 4)g + 2qq) =

(−1)^p N^p_C (λ^{a1} · · · λ^{al} )_{i1α1} (λ^{b1} · · · λ^{bl′} )_{i2α2} , (B.14)

where i_1, i_2 are the colour indices of the quarks, α_1, α_2 are the colour indices of the anti– quarks and the labels a_i, b_i refer to the gluons. The pair (α_1α_2) is a permutation of the pair (j_1j_2), where quark i_k is connected by a fermion line to antiquark j_k. p is then the number of times α_k = j_k, with p = 1 if (α_1α_2) ≡ (j_1j_2). The sum is over all the partitions of the gluons (l + l^′ = n − 4, l = 0, · · · , n − 4) and over the permutations of the gluon indices, with the product of zero λ matrices given by a Kronecker delta.

In the case of (3.25), we can again see that it is only the leading terms in N_C (O(1)), which contribute to the hard amplitude. Again, it can readily be shown that the relevant partial amplitudes for this have the same parton ordering as those in the 6g and 4g cases, as shown in Fig. 9 (a–c). Diagrams a and b correspond to the p = 0 and c to p = 1 in (B.14), with the additional factor of 1/N_C in the case of diagram c canceled by the factor of δ_{ii} in the numerator; in both cases, the colour factor is then O(1). In the case of diagram c both gluons must be emitted by one of the quark lines, otherwise the amplitude will vanish due a factor of Tr(λ) in the numerator.

The kinematic amplitude for two non–identical quark anti–quark pairs, qq and QQ, is given by (see e.g. [69])

A(q^{h1}_1 , g^+_2 , · · · , Q^{−h2}_m , Q^{h2}_{m+1}, g^+_{m+2}, · · · , q^{−h1}_n ) = F (h_1, h_2)⟨1 m⟩⟨n m + 1⟩ ∏_n k=1⟨k k + 1⟩ , (B.15)

– 26 – where

F (+, +) = ⟨m n⟩^2 F (+, −) = ⟨n m + 1⟩^2 , F (−, +) = ⟨1 m⟩^2 F (−, −) = ⟨1 m + 1⟩^2 . (B.16)

We note that (B.15) and (B.16) are for the case that p = 0 in (B.14), i.e. for diagrams a and b of Fig. 9. For the (p = 1) case of diagram c, we must simply interchange n ↔ m in the above expressions. We can again readily show that summing over the contributing quark helicity states according to the spin projection (3.17), as was done in (B.5) for the 6g case, will simply give an overall factor of ŝ^2 for the numerator of (B.15), irrespective of the particle ordering.

Thus, the denominator term in (B.15) is identical to that in (B.2) and (B.3) for a given particle ordering, while the numerator and colour factors factorize. As it is again the same type of diagrams (corresponding to a given ordering of the external parton momenta) which contributes, we find that the resulting amplitudes will be equivalent up to these overall factors, as expected^{12}.

References

[1] A. D. Martin, M. G. Ryskin, and V. A. Khoze, Acta Phys.Polon. B40, 1841 (2009), 0903.2980.

[2] M. G. Albrow, T. D. Coughlin, and J. R. Forshaw, Prog.Part.Nucl.Phys. 65, 149 (2010), 1006.1289.

[3] L. A. Harland-Lang, V. A. Khoze, M. G. Ryskin, and W. J. Stirling, (2013), 1301.2552. [4] C. Di Donato, G. Ricciardi, and I. Bigi, Phys.Rev. D85, 013016 (2012), 1105.3557. [5] G. ’t Hooft, Phys.Rev. D14, 3432 (1976). [6] R. Crewther, Phys.Lett. B70, 349 (1977). [7] G. Veneziano, Nucl.Phys. B159, 213 (1979).

[8] P. Di Vecchia and G. Veneziano, Nucl.Phys. B171, 253 (1980). [9] S. Weinberg, Phys.Rev. D11, 3583 (1975). [10] C. E. Thomas, JHEP 0710, 026 (2007), 0705.1500. [11] G. Ricciardi, Phys.Rev. D86, 117505 (2012), 1209.3386. [12] S. Donskov et al., (2013), 1301.6987.

[13] P. Kroll and K. Passek-Kumericki, (2012), 1206.4870. [14] Mike Albrow, private communication.

12In fact, in this gg → qqqq case, the situation is somewhat more complicated. In particular, as we do not include diagrams corresponding to permutations of the legs within each meson state, l3(l5) ↔ l4(l6), the singularities discussed above do not cancel and so the amplitudes A^{2g}_{a,b,c} (taking the notation of (B.10)– (B.12)) are not individually finite. However, when all three amplitudes are summed the result is finite. This cancellation of the individual singularities in the three terms relies crucially on the additional factor of (−1)^p which is present in the colour factor of A^{2g}_c (where p = 1).

– 27 –

[15] M. Albrow, talk at Diffraction 2012 Workshop, Puerto del Carmen, Lanzarote, Spain, Sept.

10–15th, 2012.

[16] CDF Collaboration, T. Aaltonen et al., Phys.Rev.Lett. 108, 081801 (2012), 1112.0858. [17] L. A. Harland-Lang, V. A. Khoze, M. G. Ryskin, and W. J. Stirling, Eur.Phys.J. C71, 1714 (2011), 1105.1626.

[18] S. J. Brodsky and G. P. Lepage, Phys.Rev. D24, 1808 (1981). [19] M. Benayoun and V. L. Chernyak, Nucl.Phys. B329, 285 (1990). [20] J. Pumplin and F. Henyey, Nucl.Phys. B117, 377 (1976).

[21] Y. I. Azimov, V. A. Khoze, E. M. Levin, and M. G. Ryskin, Sov.J.Nucl.Phys. 21, 215 (1975). [22] B. R. Desai, B. C. Shen, and M. Jacob, Nucl.Phys. B142, 258 (1978). [23] P. Lebiedowicz, R. Pasechnik, and A. Szczurek, Phys.Lett. B701, 434 (2011), 1103.5642. [24] L. Harland-Lang, V. Khoze, M. Ryskin, and W. Stirling, Eur.Phys.J. C71, 1545 (2011), 1011.0680.

[25] L. A. Harland-Lang, V. A. Khoze, M. G. Ryskin, and W. J. Stirling, Eur.Phys.J. C72, 2110 (2012), 1204.4803.

[26] L. A. Harland-Lang, V. A. Khoze, M. G. Ryskin, and W. J. Stirling, Eur.Phys.J. C69, 179 (2010), 1005.0695.

[27] V. A. Khoze, A. D. Martin, M. G. Ryskin, and W. J. Stirling, Eur.Phys.J. C35, 211 (2004), hep-ph/0403218.

[28] V. A. Khoze, A. D. Martin, and M. G. Ryskin, Eur.Phys.J. C24, 581 (2002), hep-ph/0203122.

[29] L. A. Harland-Lang, V. A. Khoze, M. G. Ryskin, and W. J. Stirling, Eur.Phys.J. C65, 433 (2010), 0909.4748.

[30] M. G. Ryskin, A. D. Martin, and V. A. Khoze, Eur.Phys.J. C60, 265 (2009), 0812.2413. [31] M. G. Ryskin, A. D. Martin, and V. A. Khoze, Eur.Phys.J. C71, 1617 (2011), 1102.2844. [32] A. B. Kaidalov, V. A. Khoze, A. D. Martin, and M. G. Ryskin, Eur.Phys.J. C31, 387 (2003), hep-ph/0307064.

[33] V. L. Chernyak, Phys.Lett. B640, 246 (2006), hep-ph/0605072. [34] V. L. Chernyak, (2012), 1212.1304.

[35] G. Duplancic and B. Nizic, Phys.Rev.Lett. 97, 142003 (2006), hep-ph/0607069. [36] G. W. Atkinson, J. Sucher, and K. Tsokos, Phys.Lett. B137, 407 (1984). [37] A. B. Wakely and C. E. Carlson, Phys.Rev. D45, 1796 (1992). [38] V. N. Baier and A. G. Grozin, Z.Phys. C29, 161 (1985).

[39] P. Kroll and K. Passek-Kumericki, Phys.Rev. D67, 054017 (2003), hep-ph/0210045. [40] G. P. Lepage and S. J. Brodsky, Phys.Rev. D22, 2157 (1980). [41] BABAR Collaboration, B. Aubert et al., Phys.Rev. D80, 052002 (2009), 0905.4778. [42] V. P. Druzhinin, PoS EPS-HEP2009, 051 (2009), 0909.3148.

– 28 –

[43] Belle Collaboration, S. Uehara et al., (2012), 1205.3249. [44] V. L. Chernyak and A. R. Zhitnitsky, Nucl.Phys. B201, 492 (1982). [45] T. Ohrndorf, Nucl.Phys. B186, 153 (1981).

[46] V. N. Baier and A. G. Grozin, Nucl.Phys. B192, 476 (1981). [47] T. Feldmann and P. Kroll, Eur.Phys.J. C5, 327 (1998), hep-ph/9711231. [48] A. V. Kiselev and V. A. Petrov, Z.Phys. C58, 595 (1993). [49] H. Leutwyler, Nucl.Phys.Proc.Suppl. 64, 223 (1998), hep-ph/9709408. [50] T. Feldmann, P. Kroll, and B. Stech, Phys.Rev. D58, 114006 (1998), hep-ph/9802409. [51] J. Vermaseren, (2000), math-ph/0010025.

[52] The SuperCHIC code and documentation are available at

http://projects.hepforge.org/superchic/.

[53] A. D. Martin, W. J. Stirling, R. S. Thorne, and G. Watt, Eur.Phys.J. C63, 189 (2009), 0901.0002.

[54] T. Feldmann and P. Kroll, Phys.Scripta T99, 13 (2002), hep-ph/0201044. [55] R. Escribano and J.-M. Frere, JHEP 0506, 029 (2005), hep-ph/0501072. [56] David d’Enterria, private communication.

[57] Particle Data Group, J. Beringer et al., Phys.Rev. D86, 010001 (2012). [58] CMS Collaboration, Search for central exclusive gamma pair production and observation of central exclusive electron pair production in pp collisions at √ s = 7 TeV, 2012, CMS-PAS-FWD-11-004.

[59] H.-W. Ke, X.-H. Yuan, and X.-Q. Li, Int.J.Mod.Phys. A26, 4731 (2011), 1101.3407. [60] V. Mathieu and V. Vento, Phys.Rev. D81, 034004 (2010), 0910.0212. [61] F. Ambrosino et al., JHEP 0907, 105 (2009), 0906.3819. [62] R. Escribano and J. Nadal, JHEP 0705, 006 (2007), hep-ph/0703187. [63] W. Ochs, J. Phys. G 40, 043001 (2013), 1301.5183.

[64] M. L. Mangano and S. J. Parke, Phys.Rept. 200, 301 (1991), hep-th/0509223. [65] S. J. Parke and T. R. Taylor, Phys.Rev.Lett. 56, 2459 (1986). [66] F. A. Berends and W. T. Giele, Nucl.Phys. B306, 759 (1988). [67] G. Georgiou and V. V. Khoze, JHEP 0405, 070 (2004), hep-th/0404072. [68] J.-B. Wu and C.-J. Zhu, JHEP 0409, 063 (2004), hep-th/0406146. [69] T. G. Birthwright, E. W. N. Glover, V. V. Khoze, and P. Marquard, JHEP 0507, 068 (2005), hep-ph/0505219.

– 29 –