arXiv:1210.3724v1 [nucl-th] 13 Oct 2012

hep-th/... FileName:....tex
           October 16, 2012

Diffractive and deeply virtual Compton scattering in holographic QCD

Alexander Stoffers and Ismail Zahed

Department of Physics and Astronomy, Stony Brook University, Stony Brook, NY 11794, USA

October 13, 2012

Abstract

We further analyze the holographic dipole-dipole scattering amplitude developed in [1, 2]. Gribov diffusion at strong coupling yields the scattering amplitude in a confining background. We compare the holographic result for the differential cross section to proton-proton and deeply virtual Compton scattering data.

1 Introduction

In [1, 2] a holographic version of the dipole-dipole scattering approach [3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14] in the Regge limit is used to describe high energy hadron-hadron scattering within the context of holographic QCD. In this limit, the scattering amplitude is dominated by pomeron exchange, i.e. exchange of ordered gluon ladders with vacuum quantum number. The holographic pomeron is argued [1, 2] to be the exchange of a non-critical, closed string in transverse AdS_3.

Using the dipole-dipole scattering approach, two Wilson loops are correlated via a minimal surface with string tension σ_T . In the presence of a large rapidity gap χ and large impact parameter b, the closed string exchange is T-dual to an open string exchange subjected to a longitudinal ’electric’ field E = σ_T tanh(χ/2) that causes the oppositely charged string end-points to accelerate [1]. This acceleration induces an Unruh temperature T_U ≈ χ/2πb in the middle of the string worl-sheet. For large impact parameter, the Unruh temperature is low and only the tachyon mode of the non-critical string is excited. This tachyonic string mode is diffusive in curved AdS_3, which is reminiscent of Gribov’s diffusion in QCD. In particular, the properly normalized diffusion kernel with suitable boundary conditions in the infrared yields a wee-dipoles density that is similar to the QCD one in the conformal limit. The convolution of the two wee-dipole densities yields the eikonalized scattering amplitude and allows for a ’partonic’ picture similar to [15, 16], albeit at strong coupling.

The holographic, strong coupling description allows to access the saturation regime at small Bjorken x and small momentum transfer. In [2] the holographic dipole-dipole cross section was compared to DIS data from HERA. This leads to a fit of the t’Hooft coupling λ through the slope of the proton structure function F_2, while the remaining parameters were adjusted to be in reasonable agreement with QCD expectations. The scattering amplitude was obtained both in a confining background with a hard wall, as well as in the conformal limit. Both backgrounds yield a cross section that is comparable to the data.

Exclusive diffractive processes such as proton-proton (pp) diffraction and deeply virtual Compton scattering (DVCS) reveal information about the proton shape in the transverse plane. We will use the holographic dipole-dipole scattering model, [1, 2], to describe pp diffraction and DVCS. At large momentum transfer, the holographic differential pp cross section is sensitive to length scales of the typical string length or 1/ √ σ_T . In the confining background it is of the order of the IR cutoff. To get a better fit on the two parameters concerning the effective size of the proton and the IR cutoff, we compare the holographic result for diffractive proton-proton and DVCS cross sections with the data.

The dipole picture has been used to describe exclusive diffractive processes, see for example [17], [18], [19, 20, 21, 22]. Within the gauge/gravity duality, hadron-hadron scattering and the holographic pomeron has been discussed in numerous places, see e.g. [23, 1, 2, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39]. In particular, pp diffraction was studied in [40, 41] and DVCS in [42, 43, 44, 45]. Our construction relies on the holographic results established in [1, 2] which involve a non-critical string in D_⊥ = 3 dimensions and whereby the pomeron is the tachyon mode at large impact parameter. They are rooted in the widely used approach to dipole-dipole scattering at high-energy. This paper is structured as follows. We will briefly review the main results of [1, 2] in section 2 before comparing the differential pp cross section to CERN ISR and LHC data in section 3. A comparison to DVCS data from HERA is done in section 4 and the conclusions given in section 5.

2 Diffractive scattering as dipole-dipole scattering

In the dipole-dipole scattering approach at high energies (χ = ln(^s_{s0} ) ≫ 1), the scattering amplitude for the process a p → c p factorizes and can be written as

T(χ, b_⊥) = ∫_∞ 0 du ∫_∞ 0 du^′ ψ^∗_a(u)ψ^∗_p(u^′) T_{DD}(χ, b_⊥, u, u^′) ψ_b(u)ψ_p(u^′), (1)

with transverse impact parameter b_⊥, rapidity χ and dipole-dipole amplitude T_{DD}. The wave functions ψ are parametrized by u = −ln(z/z_0), with the effective dipole size z and the IR cutoff z_0. The dipole-dipole amplitude is evaluated using the gauge/gravity duality and the virtuality of the scatterers is identified with the holographic direction of the curved space [2], [28, 29], [15, 16].

In the eikonal approximation the differential cross section reads dσ_{ap→cp} dt (χ, |t|) = 1 16πs^2 |T(χ, |t|)|^2 (2) = 1 4π | | | |i ∫ db_⊥ ∫ du ∫ du^′ e^{iq⊥·b⊥} |ψ_{ab}(u)|^2|ψ_p(u^′)|^2 (1 − e^{WW}) | | | | 2 (3) = π 4 | | | |i ∫ d|b_⊥|^2 ∫ du ∫ du^′ J_0( √ |b_⊥|^2|t|) |ψ_{ab}(u)|^2|ψ_p(u^′)|^2 (1 − e^{WW}) | | | | 2

(4) with t = −q^2_⊥. Here, J_0 is the Bessel function and the overlap amplitude is defined by |ψ_{ab}(u)|^2 ≡ ψ^∗_a(u)ψ_b(u). Note that the scattering amplitude in (2) is purely imaginary. In

[1, 2] the eikonal WW, which is the correlator of two Wilson loops, was obtained through closed string exchange in a weakly curved, confining space. The string exchange can be viewed as a funnel connecting the two dipoles at a holographic depth z and z^′. Identifying these positions z, z^′ of the endpoints of the funnel with the effective size of the dipoles gives rise to a density N of wee-dipoles surrounding each parent dipole. For D_⊥ = 3, we identify [2] WW ≈ − g^2_s 4 (2πα^′)^{3/2} zz^′ N(χ, z, z^′, b_⊥) . (5)

We consider transverse AdS_3

ds^2_⊥ = 1 z^2

(db^2_⊥ + dz^2) , (6)

with a cutoff (hard wall) imposed at some z_0. The effective string tension will be defined as g_s ≡ κ 1 4πα^{′2}N_c ≡ κ λ 4πN_c , (7)

with t’Hooft coupling λ and α^′ = 1/(2πσ_T ) ≡ 1/ √ λ the string tension (in units of the AdS radius). N_c is the number of colors and the parameter κ is fixed by the saturation scale, see [2]. The density reads

N(χ, b_⊥, z, z^′) = 1 zz^′ Δ(χ, ξ) + z z^′z^2_0

Δ(χ, ξ_∗) , (8)

and the heat kernel Δ in the background (6) is given by

Δ_⊥(χ, ξ) = e^{(αP−1)χ} (4πDχ)^{3/2} ξe^{− ξ24Dχ} sinh(ξ)

, (9)

with the chordal distances (u = −ln(z/z_0))

coshξ = cosh(u^′ − u) + 1 2 b^2_⊥ e^{u′+u}

coshξ_∗ = cosh(u^′ + u) + 1 2 b^2_⊥e^{u′−u} . (10)

To leading order in 1/ √ λ the pomeron intercept and the diffusion constant read

α_P = 1 + D_⊥ 12 , D = α^′ 2 = 1 2 √ λ . (11)

In order to confront the holographic result for the differential proton-proton cross section with the data, we have to fix the parameters entering the eikonal WW in (5). In [2] a comparison of the proton structure function F_2 to DIS data determined the following numerical values. N_c was set to 3 and the onium mass taken to give s_0 = 0.1 GeV^2. The value of the coupling, λ = 23, is fitted through the slope of the proton structure function F_2 in comparison to the DIS data. Phenomenological considerations on the saturation scale gives κ = 2.5. These numerical values will be used in the following analysis. The identification of the radial direction z with the dipole size (inverse virtuality) and a comparison of the scaling of F_2(x, Q^2) with Q = 1/z to the data confirms D_⊥ = 3 . The effective size of the proton and the position of the IR cutoff were taken as z_p = 1.8 GeV^{−1}, z_0 = 2 GeV^{−1}. While saturation effects become important at low Q^2 and small Bjorken x, both the confining result as well as the conformal limit for the scattering amplitude lead to a cross section that is comparable to the DIS data.

3 Proton-proton scattering

Diffractive proton-proton scattering at small momentum transfer unravels information about the transverse shape of the proton and the large |t| behavior probes lengths scales of the typical string length, which in the confining background is of the order of z_0. We will fit the effective dipole size of the proton, z_p, and the position of the hard wall, z_0, to the data. All other numerical values remain the same as in [2], see also section 2.

Instead of using diffractive eigenstates [46], [47], perturbative [17], [48] or holographic light-front wave functions [15, 16], we will fit the data assuming the proton distribution is identified with the wee-dipole distribution, i.e. the proton is sharply peaked at some scale 1/z_p, [49]. More explicitly, the square of the wave function will be approximated by a deltafunction, |ψ_p(u)|^2 = N_p δ(u − u_p). We treat the normalization constant N_p that carries the dipole distribution to the physical proton distribution as a parameter to be fitted to the

Figure 1: Differential pp cross section. Dots: data from CERN ISR. Solid line: holographic result. See text.

data.

3.1 Comparison to data: ISR

A comparison of the differential elastic pp cross section, (3), to the CERN ISR data [50] is made by fitting the position of the dip and the slope of the shoulder region (|t| > 1.5 GeV^2). We use the full, unitary amplitude including higher order terms in the eikonal WW. The importance of higher order terms in the eikonalized amplitude was also noted in [51]. A fit yields z_0 = 2 GeV^{−1}, z_p = 3.3 GeV^{−1} and N_p = 0.16, see Figure 1. To leading order, the position of the (first) dip is sensitive to the effective size of the scatterer and the energy of the scattering object and scales with 1/(Dχz^2_p). The fit with z_p > z_0 is larger than the cutoff set by the hard-wall at z_0. This shortfall is readily fixed by considering a smooth wall which is also more appropriate for describing hadron resonances [52]. The analysis of the dipole-dipole scattering amplitude in the smooth-wall background will be discussed elsewhere.

At high momentum transfer (|t| > 2 GeV^2), the typical length scales probed are of the

Figure 2: Left: Transverse distribution of the wee-dipole density N, (8), with √ s = 20 GeV . Right:Experimental results for the slope parameter [53, 54] in comparison with the slope parameter, (12), for |t| = 0 GeV^2 (red, solid) and |t| = 1 GeV^2 (red, dashed). See text.

size of the fundamental string length, which is of the order of the IR cutoff. Thus, the slope of the shoulder region is fitted by primarily adjusting the value of the confinement scale z_0. The result for the cross section in the conformal limit z_0 → ∞ does not yield a reasonable fit to the data. We note that unlike perturbative QCD reasoning, [55], where the partons are resolved at large |t| leading to a power-like decrease, the slope of the cross section at |t| ≥ 2 GeV^2 is essentially not power-like in our holographic model.

At |t| ∼ 0 GeV^2, the slope parameter B(s, |t|) gives the mean square proton radius

B(s, |t| = 0) ≡ ( d dt ln( dσ_{pp→pp} dt (s, t)) ) | | |_{t=0} = 1 2 ∫ d|b|^2 |b|^2 ( 1 − e^{WW} ) ∫ d|b|^2 (1 − e^{WW}) = 1 2 < |b|^2 > . (12)

The wee-dipole density N is peaked at^{|b|}_{zp} small, see Figure 2, and expanding the exponential to first order in g^2_s gives

B(s) ∼ Dχ(z^2_p + z^2_0 ) . (13)

The radius of the proton is not only protortional to the effective wee-dipole size z_p but also receives contributions from the IR cutoff. At strong coupling, the diffusive nature of the eikonalized scattering amplitude is responsible for the scaling of the proton radius with the rapidity, B(s) ∼ Dχ ∼^{1√}_λ ln (_s s_0 ) . In the approach taken here, the transverse structure of the proton is modelled by a cloud of wee-dipoles surrounding a parent dipole. We can easily understand the scaling of the proton size with the coupling. As the coupling increases, the outer part of the cloud becomes more dilute and the proton shrinks.

Figure 2 shows the slope parameter for |t| = 0 GeV^2 and |t| = 1 GeV^2. In our setup, the momentum distribution between the two constituents of each dipole is symmetric resulting in a small-size dipole, whereas asymmetric, large-size pairs dominate the small |t| region, see e.g. [56]. Thus, we suspect large-size dipoles to dominate the region |t| ≤ 1 GeV^2. The Coulomb contribution to the scattering amplitude can be neglected in the kinematic region |t| > 0.01 GeV^2 [57, 58].

3.2 Comparison to data: LHC

Elastic pp scattering at LHC energies of √ s = 7 T eV , allows us to test the energy dependence of our model. With the numerical values fitted at energies √ s ∼ 20 − 60 GeV , the fit in Figure 3 indicates a miss match in the energy dependence of the holographic model. In order to get a better fit to the LHC data, the parameters governing the overall strenght (κ), the position of the dip (z_p) and the slope of the shoulder (z_0) are adjusted. The fit (blue, dashed line) in Figure 3 is obtained with κ = 3.75, z_p = 3.1 GeV^{−1}, z_0 = 1.5 GeV^{−1}, while the fit (red, dotted) uses the values in section 3.1, κ = 2.5, z_p = 3.3 GeV^{−1}, z_0 = 2 GeV^{−1}. This new parameter set for the LHC data is overall consistent with the set for the ISR data.

Figure 3: Differential pp cross section. Black dots: data from the TOTEM experiment at LHC, [59]. Dashed blue line and red dots: holographic result. See text.

Figure 4: Holographic result for the differential DVCS cross section compared to the HERA data, [60, 61, 62]. √ s = 82 GeV : solid - Q^2 = 8 GeV^2, dashed - Q^2 = 15.5 GeV^2, dotdashed - Q^2 = 25 GeV^2. √ s = 40, 70, 100 GeV : solid - Q^2 = 8 GeV^2, dashed - Q^2 = 10 GeV^2, dotdashed - Q^2 = 20 GeV^2. See text.

4 Deeply virtual Compton scattering

At high energies DVCS is dominated by pomeron exchange. In the rest frame of the proton, the virtual photon fluctuates into a quark-antiquark dipole that interacts with the proton. We will now use the dipole-dipole amplitude (5) to access the differential DVCS cross section dσ_γ∗_{p→γp} dt , (4). In section 3.1 we have refined the numerical values governing the transverse shape of the proton (z_p) and the IR cutoff scale (z_0) for the energy range of √ s ∼ 20−60 GeV . We will use these values to analyze the DVCS data in the range √ s ∼ 40 − 100 GeV . Now that all parameters of the holographic cross section are fixed, a comparison to the DVCS data serves as an additional test for our model.

The γ^∗γ overlap amplitude is approximated by a delta function, |ψ_γ∗_γ (u)|^2 = N_{γ∗γ} δ(u − u_{γ∗γ} ), peaked at some finite virtuality Q_{γ∗γ} = 1/z_{γ∗γ} . The normalization constant is fitted to N_{γ∗γ} = 0.00016. With the effective size of the proton, z_p = 3.3 GeV^{−1}, and the position of the cutoff, z_0 = 2 GeV^{−1}, fixed, we compare our holographic result to the HERA data. Figure 4 illustrates an agreement of the cross section obtained from the holographic dipole-dipole scattering amplitude with the data.

5 Conclusions

High energy hadronic scattering is dominated by pomeron exchange. Due to its nonperturbative nature at strong coupling, the holographic pomeron admits Gribov diffusion in curved space. Within the dipole-dipole scattering approach, the holographic description allows to access the saturation regime at small Bjorken x and small momentum transfer. The parameters of the model developed in [1] were fitted against DIS data in [2]. In order to refine the numerical values characterizing the proton shape and the IR cutoff, we have confronted the differential cross section with data on pp scattering and DVCS.

We have been able to get a reasonable fit to the pp scattering data and obtained a refinement of the effective dipole size z_p of the proton. The slope of the cross section in the region |t| > 2 GeV^2 is sensitive to the IR cutoff scale, indicating the necessity of a confining background. However, the hard wall seems to be a too crude approximation for an IR cutoff. In order to fit the pp data, we need z_p ≥ z_0 suggesting that the smooth-wall background [52] is a more suitable setup. While the hard-wall construct allows for explicit and analytical results, the smooth-wall construct is likely numerical and will be addressed elsewhere.

The slope parameter B(s, |t|) at small momentum transfer t ∼ 1 GeV^2 agrees with the data. As is typical for diffusive processes, the mean square proton radius scales linear in rapidity. At strong coupling, the proton shrinks with increasing t’Hooft coupling. Having fixed the parameters of the holographic model, an agreement with the DVCS data at small |t| builds further confidence in the holographic approach to hadronic scattering.

Acknowledgements. A.S. would like to thank Frasher Loshaj for useful discussions. This work was supported by the U.S. Department of Energy under Contract No. DE-FG- 88ER40388.

References

[1] G. Basar, D. E. Kharzeev, H. -U. Yee and I. Zahed, Phys. Rev. D 85, 105005 (2012) [arXiv:1202.0831 [hep-th]].

[2] A. Stoffers and I. Zahed, arXiv:1205.3223 [hep-ph]. [3] A. H. Mueller, Nucl. Phys. B 335, 115 (1990).

[4] A. H. Mueller, Nucl. Phys. B 437, 107 (1995) [hep-ph/9408245]. [5] A. H. Mueller, Nucl. Phys. B 415, 373 (1994).

[6] A. H. Mueller and B. Patel, Nucl. Phys. B 425, 471 (1994) [hep-ph/9403256]. [7] E. Iancu and A. H. Mueller, Nucl. Phys. A 730, 460 (2004) [hep-ph/0308315]. [8] N. N. Nikolaev and B. G. Zakharov, Z. Phys. C 49, 607 (1991). [9] N. Nikolaev and B. G. Zakharov, Z. Phys. C 53, 331 (1992). [10] G. P. Salam, Nucl. Phys. B 449, 589 (1995) [hep-ph/9504284]. [11] G. P. Salam, Nucl. Phys. B 461, 512 (1996) [hep-ph/9509353].

[12] H. Navelet, R. B. Peschanski, C. Royon and S. Wallon, Phys. Lett. B 385, 357 (1996) [hepph/9605389].

[13] H. Navelet and S. Wallon, Nucl. Phys. B 522, 237 (1998) [hep-ph/9705296]. [14] K. J. Golec-Biernat and M. Wusthoff, Phys. Rev. D 59, 014017 (1998) [hep-ph/9807513]. [15] S. J. Brodsky and G. F. de Teramond, Phys. Rev. Lett. 96, 201601 (2006) [hep-ph/0602252]. [16] S. J. Brodsky, Eur. Phys. J. A 31, 638 (2007) [hep-ph/0610115].

[17] A. I. Shoshi, F. D. Steffen and H. J. Pirner, Nucl. Phys. A 709, 131 (2002) [hep-ph/0202012]. [18] H. Kowalski, L. Motyka and G. Watt, Phys. Rev. D 74, 074016 (2006) [hep-ph/0606272]. [19] A. Donnachie and H. G. Dosch, Phys. Lett. B 502, 74 (2001) [hep-ph/0010227]. [20] M. McDermott, R. Sandapen and G. Shaw, Eur. Phys. J. C 22, 655 (2002) [hep-ph/0107224]. [21] L. Favart and M. V. T. Machado, Eur. Phys. J. C 34, 429 (2004) [hep-ph/0402018]. [22] B. Z. Kopeliovich, I. Schmidt and M. Siddikov, Phys. Rev. D 79, 034019 (2009) [arXiv:0812.3992 [hep-ph]].

[23] M. Rho, S. -J. Sin, I. Zahed, Phys. Lett. B466, 199-205 (1999). [hep-th/9907126]. [24] R. A. Janik and R. B. Peschanski, Nucl. Phys. B 565, 193 (2000) [hep-th/9907177]. [25] R. A. Janik, R. B. Peschanski, Nucl. Phys. B625, 279-294 (2002). [hep-th/0110024]. [26] R. A. Janik, R. B. Peschanski, Nucl. Phys. B586, 163-182 (2000). [hep-th/0003059]. [27] R. A. Janik, Phys. Lett. B 500, 118 (2001) [hep-th/0010069].

[28] J. Polchinski and M. J. Strassler, Phys. Rev. Lett. 88, 031601 (2002) [hep-th/0109174]. [29] J. Polchinski and M. J. Strassler, JHEP 0305, 012 (2003) [hep-th/0209211]. [30] R. C. Brower, J. Polchinski, M. J. Strassler and C. I. Tan, JHEP 0712, 005 (2007) [hepth/0603115].

[31] R. C. Brower, M. J. Strassler and C. -ITan, JHEP 0903, 092 (2009) [arXiv:0710.4378 [hep-th]]. [32] O. Andreev and W. Siegel, Phys. Rev. D 71, 086001 (2005) [hep-th/0410131]. [33] O. Andreev, Phys. Rev. D 71, 066006 (2005) [hep-th/0408158].

[34] Y. Hatta, E. Iancu and A. H. Mueller, JHEP 0801, 063 (2008) [arXiv:0710.5297 [hep-th]]. [35] Y. Hatta, E. Iancu and A. H. Mueller, JHEP 0801, 026 (2008) [arXiv:0710.2148 [hep-th]]. [36] J. L. Albacete, Y. V. Kovchegov and A. Taliotis, JHEP 0807, 074 (2008) [arXiv:0806.1484 [hep-th]].

[37] J. L. Albacete, Y. V. Kovchegov and A. Taliotis, AIP Conf. Proc. 1105, 356 (2009) [arXiv:0811.0818 [hep-th]].

[38] L. Cornalba and M. S. Costa, Phys. Rev. D 78, 096010 (2008) [arXiv:0804.1562 [hep-ph]]. [39] L. Cornalba, M. S. Costa and J. Penedones, Phys. Rev. Lett. 105, 072003 (2010) [arXiv:1001.1157 [hep-ph]].

[40] S. K. Domokos, J. A. Harvey and N. Mann, Phys. Rev. D 80, 126015 (2009) [arXiv:0907.1084 [hep-ph]].

[41] S. K. Domokos, J. A. Harvey and N. Mann, Phys. Rev. D 82, 106007 (2010) [arXiv:1008.2963 [hep-th]].

[42] J. -H. Gao and B. -W. Xiao, Phys. Rev. D 81, 035008 (2010) [arXiv:0912.4333 [hep-ph]]. [43] C. Marquet, C. Roiesnel and S. Wallon, JHEP 1004, 051 (2010) [arXiv:1002.0566 [hep-ph]].

[44] R. Nishio and T. Watari, Phys. Rev. D 84, 075025 (2011) [arXiv:1105.2999 [hep-ph]]. [45] M. S. Costa and M. Djuric, arXiv:1201.1307 [hep-th]. [46] M. L. Good and W. D. Walker, Phys. Rev. 120, 1857 (1960).

[47] M. G. Ryskin, A. D. Martin and V. A. Khoze, Eur. Phys. J. C 72, 1937 (2012) [arXiv:1201.6298 [hep-ph]].

[48] M. Wirbel, B. Stech and M. Bauer, Z. Phys. C 29, 637 (1985).

[49] R. C. Brower, M. Djuric, I. Sarcevic and C. -ITan, JHEP 1011, 051 (2010) [arXiv:1007.2259 [hep-ph]].

[50] U. Amaldi and K. R. Schubert, Nucl. Phys. B 166, 301 (1980). [51] A. Donnachie and P. V. Landshoff, arXiv:1112.2485 [hep-ph].

[52] A. Karch, E. Katz, D. T. Son and M. A. Stephanov, Phys. Rev. D 74, 015005 (2006) [hepph/0602229].

[53] U. Amaldi, R. Biancastelli, C. Bosio, G. Matthiae, J. V. Allaby, W. Bartel, G. Cocconi and A. N. Diddens et al., Phys. Lett. B 36, 504 (1971).

[54] U. Amaldi, G. Cocconi, A. N. Diddens, R. W. Dobinson, J. Dorenbosch, W. Duinker, D. Gustavson and J. Meyer et al., Phys. Lett. B 66, 390 (1977).

[55] I. M. Dremin, arXiv:1206.5474 [hep-ph].

[56] cpt. 9, V. Barone and E. Predazzi, High-Energy Particle Diffraction, Springer Press, Berlin, (2002).

[57] N. A. Amos, M. M. Block, G. J. Bobbink, M. Botje, D. Favart, C. Leroy, F. Linde and P. Lipnik et al., Nucl. Phys. B 262, 689 (1985).

[58] D. Bernard, 1 et al. [UA4 Collaboration], Phys. Lett. B 198, 583 (1987). [59] Antchev, G. and Aspell, P. and Atanassov, I. and Avati et al., CERN-PH-EP-2012-239, Aug.

2012 [60] F. D. Aaron et al. [H1 Collaboration], Phys. Lett. B 659, 796 (2008) [arXiv:0709.4114 [hep-ex]]. [61] S. Chekanov et al. [ZEUS Collaboration], JHEP 0905, 108 (2009) [arXiv:0812.2517 [hep-ex]]. [62] F. D. Aaron et al. [H1 Collaboration], Phys. Lett. B 681, 391 (2009) [arXiv:0907.5289 [hep-ex]].