arXiv:1305.2389v1 [hep-ph] 10 May 2013

Hadronic Production of χ_c-mesons at LHC

A.K. Likhoded, A.V. Luchinsky, S.V. Poslavsky

Institute of High Energy Physics, Protvino, Russia

Abstract Hadronic production of P -wave charmonium states χ_{cJ} in hadronic interaction is considered. Using experimental results of CDF and LHCb collaborations we show, that contributions of color-singlet components are dominant. As for color-octet mechanism, we show, that contributions from P -wave states can also be observed, while S-wave states can be neglected. The best experimental observables that give information about relative importance of color-singlet and color-octet components are the ratios χ_{c2}/χ_{c1} and χ_{c0}/χ_{c1}.

1. Introduction

Heavy quarkonia production in hadronic experiments is an extremely interesting task for theoretical and experimental investigation. It is well known, that at high energies the dominant mechanism for these processes is gluon-gluon fusion, but at leading order approximation of perturbation theory such approach cannot describe observed experimentally production of χ_{c1} meson and distributions over the transverse momentum of final quarkonium. This problem can be solved by considering higher order processes and in the following we show, that in high p_T region is is sufficient to study only NLO approximation and consider subprocesses gg → χ_{cJ} g.

The other interesting topic in heavy quarkonia production is the influence of color octet (CO) components. According to NonRelativistic Quantum Chromo-

Email addresses: Anatolii.Likhoded@ihep.ru (A.K. Likhoded),

Alexey.Luchinsky@ihep.ru (A.V. Luchinsky)

Preprint submitted to Nuclear Physics B May 13, 2013

Dynaimcs (NRQCD) [1] the quark-antiquark pair cc̄ in charmonium should not necessary be in the color-singlet (CS) state. There are also CO components in χ_{cJ} mesons accomplished with additional gluons. Differential cross sections of production of such states depends on their quantum numbers, so from analysis of experimental distributions over different kinematical valiables (e.g. transverse momentum p_T ) one can determine the relative contributions of different states into total and differential cross sections.

The rest of the paper is organized as follows. In the next section used in our paper partonic subprocesses are briefly discussed. In section III we present the analysis of experimental data obtained by CDF and LHCb collaborations and determine contributions of CS and CO components into χ_{c1,2} production cross sections, Theoretical predictions for χ_{c0} production cross sections and p_T dependence of the ratios χ_{c0}/χ_{c1}, χ_{c0}/χ_{c2} are also given in sec.III. Brief analysis of our results is given in the conclusion.

2. Partonic Processes

Our article is devoted to charmonia production in high energy hadronic experiments at Tevatron and LHC (preliminary discussion of this topic can be found for example in our previous paper [2]). It is well known, that main contribution at these conditions comes from gluon-gluon fusion

gg → (cc̄) , (1) where quark-antiquark pair hadronizes into color-singlet charmonium meson Q. The cross section of its hadronic production can be written in the following form

σ_{LO} =

∫_1 0 dx_1dx_2f_g (x_1) f_g (x_2) σ̂_{LO} (gg → Q) , (2)

where x_{1,2} are momentum fractions of the incoming partons, f_g(x_{1,2}) are distribution functions of these partons in initial hadrons, and σ̂(gg → Q) is the cross sections of the hard subprocess (1).

Figure 1: Diagrams of the color-singlet gg → χ_{cJ} g subprocess

There are however some drawbacks in such approach. First of all, in collinear approximation, when transverse motion of initial gluons is neglected, expression (2) cannot describe the distributions over the transverse momentum of final charmonium. Moreover, in CS approximation only mesons with positive charge parity (η_c, χ_{cJ} ) can be produced in reaction (1) and the case of axial charmonium is excluded by Landau-Yang theorem [3, 4], that forbids its production in gg → χ_{c1} with two massless gluons interaction. It is clear, that these results contradict dramatically existing data, since both transverse momentum distributions and χ_{c1} meson production were observed experimentally. The cross section of th latter process is even larger than the cross section of tensor charmonium production.

These problems can be solved in NLO approximation, when subprocesses

gg → χ_{cJ} g, (3) are considered. Typical diagrams for these reactions are shown in Fig.1. For the first time they were studied in paper [5], later a series of papers devoted to the same topic followed (see for example [6]). It is clear, that due to presence of final state gluon in (3) final charmonium has non-vanishing transverse momentum even in collinear approximation. As for χ_{c1} meson production, it is allowed since one of the parent gluons is virtual (Fig.1b) and Landau-Yang theorem does not forbids the vertex gg^∗ → χ_{c1}.

In addition to CS states one should also taken into account color octet contributions. The physical χ_{cJ} meson can be written as an infinite series [1] |χ_{cJ} ⟩ ∼ |R^′(0)|^2 | |cc̄ [_3

P^{[1]}_J ]⟩ + ⟨O_S ⟩ | |cc̄ [_3 S^{[8]}_1 ]⟩ + ⟨O_P ⟩ | |cc [_1 P^{[8]}_1 ]⟩ (4) where in parentheses quantum numbers of quark-antiquark state and its color charge are shown. The coefficients |R^′(0)|^2, ⟨O_{S,P} ⟩ describe the probability for corresponding component to hadronize into experimentally observed meson and are usually taken as universal. According to NRQCD higher terms in expression (4) are suppressed by relative velocity of quarks in meson, so this series can be safely truncated. In the following we restrict ourselves to CS and S-, P -wave CO. In this approximation the cross section of χ_{cJ} meson production in gg → χ_{cJ} g reaction is written in the form dσ̂ (gg → χ_{cJ} g) dt̂ = |R^′(0)|^2 dσ̂ ( gg → cc[^3P^{[1]}_J ]g ) dt̂ + π 6 (2J + 1) ⟨O_S ⟩ dσ̂ ( gg → cc[^3S^{[8]}_1 ]g ) dt̂ + π 18 (2J + 1) ⟨O_P ⟩ dσ̂ ( gg → cc[^1P^{[8]}_1 ]g ) dt̂ , (5)

where we show explicitly the dependence on wave function derivative at the origin (in CS case) and matrix elements of S-, P -wave octet states. The parameters |R^′(0)|, ⟨O_{S,P} ⟩ are universal and do not depend on total spin of the final charmonium.

Hard subprocesses gg → Qg were already considered in a number of papers (see for example [5, 6, 7, 8]), so below we give only short qualitative analysis. In low p_T region some of these cross sections diverge (see second row of table 1). Such behavior is caused by t-channel gluon from diagram shown in Fig.1b, that in this region approaches the mass shell. In order to regularize this divergence one should consider higher order processes or perform a suitable cut. In our paper we consider only high p_T region, so this singularity in not crucial. It is interesting to note, however, that the cross section of χ_{c1} production is finite over the whole p_T domain. The reason is mentioned above Landau-Yang theorem: in low p_T region the vertex gg → χ_{c1} vanishes and caused by gluon propagator

3P^{[1]}_1^3P^{[1]}_{0,2}^1P^{[8]}_1^3S^{[8]}_1 p_T ≪ M ∼ p_T ∼ 1/p_T ∼ 1/p_T ∼ p_T p_T ≫ M ∼ 1/p^5_T ∼ 1/p^5_T ∼ 1/p^5_T ∼ 1/p^3_T

Table 1: Behavior of partonic cross sections for different processes in low and high p_T regions

divergence is compensated.

For our analysis we need also the behavior of different partonic cross sections in high p_T region. Corresponding expressions can be found in the third row of table 1. It is clearly seen, that in this region cross sections of CS and P -wave CO cross sections are proportional, so it is not sufficient to study p_T distributions of different χ_{cJ} mesons separately to determine relative contributions of CS and CO components. It is necessary to consider some combined quantity, for example the ratio

r̂_{J1J2} = dσ̂ (gg → χ_{cJ1} g) /dp_T dσ̂ (gg → χ_{cJ2} g) /dp_T . (6)

If the contribution of S-wave CO states is not negligible, they should dominate in high p_T region and the ration (6) takes the form

r̂_{J1J2} (p_T ≫ M) ≈

2J_1 + 1 2J_2 + 1

. (7)

In the opposite case the ratio for different values of final charmonia spins is equal to

r̂_{2,1} =

158 184 |R^′(0)|^2 + 295 595π ⟨O_P ⟩ 474 552 |R^′(0)|^2 + 177 357π ⟨O_P ⟩

, (8)

r̂_{0,1} =

79 092 |R^′(0)|^2 + 59 119π ⟨O_P ⟩ 474 552 |R^′(0)|^2 + 177 357π ⟨O_P ⟩

, (9)

r̂_{0,2} =

79 092 |R^′(0)|^2 + 59 119π ⟨O_P ⟩ 158 184 |R^′(0)|^2 + 295 595π ⟨O_P ⟩

. (10)

From combined analysis of experimental p_T distributions of χ_{cJ} mesons productions separately and their ratios one can determine contributions of CS and various CO states to these processes.

3. Hadronic Production and Fit of Matrix Elements

For comparison with experimental data considered in the previous section cross sections should be convoluted with gluon distribution functions in initial hadrons. Sometimes functions that depend explicitly on the transverse momentum of the parton are used (so called k_T factorization), that take into account multiple emisson of soft gluons. It is clear, however, that in high p_T region such processes will be suppressed by small string coupling constant, so the emission of one hard gluon can be preferable. In our paper we use the latter approach.

The cross section of inclusive χ_{cJ} production in hadronic interaction can be written [9]in the form similar to eq.(2): dσ (pp → χ_{cJ} + X) dp_T = ∫ dŝ s dσ̂ (gg → χ_{cJ} g) dp_T × ∫ dyf_g (√ ŝ s e^y ) f_g (√ ŝ s e^{−y} ) , (11) dσ̂ dp_T = 2ŝp_T √ (ŝ − M^2)^2 − 4ŝp^2_T ( dσ̂ dt̂ | | | |_{t̂=t̂1} + dσ̂ dt̂ | | | |_{t̂=t̂2} ) , (12)

where ŝ,t̂, û are the Mandelstam variables of the partonic subprocess,

p_T = √ t̂û ŝ (13)

is the transverse momentum if final charmonium (in collinear approximation this expression is valid both for partonic and hadronic reactions), and the following notations were introduced:

t̂_{1,2} (p_T ) = 1 2 { M^2 − ŝ ± √ (ŝ − M^2)^2 − 4ŝp^2_T } . (14)

Partonic cross sections and distribution functions that enter these expressions depend strongly on factorization scale μ^2. In order to study the dependence of final results on the choice of this scale we use the following values: μ^2 = M^2, μ^2 = m^2_T = p^2_T + M^2, μ^2 = 2m^2_T and μ^2 = m^2_T /2. Gluon distribution functions were taken in CTEQ6 parameterization.

For determination of CS and CO parameters |R^′(0)|^2, ⟨O_{S,P} ⟩ we use exprerimental data obtained by CDF [10, 11] and LHCb [12] collaborations. In paper μ^2 |R^′(0)|^2 , GeV^5 ⟨O_S ⟩ , GeV^3 ⟨O_P ⟩ , GeV^5 M^2 0.22 1.9 × 10^{−9} 0.029 m^2_T /2 0.20 0 0.026 m^2_T 0.19 4.8 × 10^{−11} 0.022 2m^2_T 0.19 4.7 × 10^{−9} 0.019

Table 2: CS and CO model parameters for different values of the scale μ^2

[10] transverse momentum distribution of J/ψ-meson production cross section in radiative decays χ_{cJ} → J/ψγ at √ s = 1.8 TeV, |η| < 0.6 is presented: dσ (pp → J/ψ + X) dp_T = 2∑ J=0 Br [χ_{cJ} → J/ψγ] dσ (pp → χ_{cJ} + X) dp_T (15)

Using discussed above theoretical predictions of CS and CO χ_{cJ} meson differential cross sections and experimental values of radiative decay branching fractions [13] one can determine parameters |R^′(0)|^2, ⟨O_S ⟩, ⟨O_P ⟩ from eq.(4). Due to small value of the branching fraction of the decay χ_{c0} → J/ψγ the scalar charmonium can be excluded from expression (15).

We have already stressed above that in high p_T region up to constant factor differential of CS and P -wave CO cross sections coincide, so one should use some other variable to separate these components. One of such observables is the ratio

r_{J1 J2} (p_T ) = dσ (pp → χ_{cJ1} + X) /dp_T dσ (pp → χ_{cJ2} + X) /dp_T . (16)

In high p_T region, where hard cross sections of gg → χ_{cJ1}g and gg → χ_{cJ2}g are almost proportional to each other, partonic distribution functions in this ratio cancel and it becomes equal to the ratio of hard cross sections (6). It should be noted, that this cancellation is universal and doest not depend on experimental cutoffs.

The results of our fit for different values of the scale μ^2 are presented in table 2 and p_T distribution of J/ψ production cross section in comparison with experimental data is shown in fig.2. It is clear, that results of our model are in

Figure 2: Transverse momentum distribution of J/ψ production in radiative χ_{cJ} decays at CDF in comparison with experimental data [10]. Solid, dashes and dotted lines correspond to total pp → χ_{cJ} + X → J/ψ + X cross section, CS contributions and P -wave CO contributions respectively.

excellent agreement with experiment and contribution of CS states dominate. As for CO stare, our results show, that contribution of S-wave components can be safely neglected, while P -wave CO contributions are small but visible. This conclusion contradicts NRQCD scaling rules, that state that CS and S-wave CO states should give similar contributions, while P -wave CO sates should be suppressed.

In figure 3 we compare theoretical results for χ_{c2}/χ_{c1} ratio (solid lines) with experimental data from [12, 11] (dots with error bars). Earlier we have said that this ratio can be used to separate contributions from CS and P -wave CO components. Dashed and dotted lines in this figure show theoretical predictions of this ratio with only CS or P -wave CO contributions taken into account. It can be clearly seen, that CS mechanism is dominant, but some CO contribution is also required.

It should be noted, that presented in table 2 values of color-singlet param-

Figure 3: Theoretical results of the ratio χ_{c2}/χ_{c1} in comparison with experimental data from [11] (∘) and [12] (■). Solid lines correspond to parameter values presented in table 2, while dashed and dotted lines show predictions of our model with only CS and CO contributions taken into account.

Figure 4: Allowed region of parameters |R^′(0)|^2 and ⟨O_P ⟩

eter |R^′(0)|^2 are higher than phenomenological value |R^′(0)|^2 ≈ 0.08 GeV^5, determined from experimental hadronic width of χ_{c2} meson [14]

Γ (χ_{c2} → hadrons) ≈ Γ(χ_{c2} → 2g) = 128 5 α^2_s M^4

|R^′(0)|^2

and predictions of different potential models [15, 16, 17, 18, 19, 20]. One should take into account, that presented in table 2 results are strongly correlated. It can be seen clearly from figure 4, where we show the allowed region of parameters |R^′(0)|^2, ⟨O_P ⟩, where the error χ^2/DOF is increased by one unit maximum. The very use of potential model predictions and χ_{c2} decay width for charmonium production at high energies is also rather questionable. From double charmonia production in exclusive electron-positron annihilation [21, 22, 23] we know, the with the increase of the interaction energy the width of the momentum distributions of heavy quarks in quarkonia also increases. In coordinate space it corresponds to the incrase of the charmonium wave function and its derivative at the origin. From Fig.4 it is clear, that such modification of |R^′(0)|^2 leads to decrease of the parameter ⟨O_P ⟩ and the contributions from color octet states.

To remove this error one can measure with better accuracy cross sections of χ_{c1,2} mesons production and their ratios in various experimental conditions. The other experiment, that can shed light onto this question is the observation

Figure 5: Transverse momentum dependence of χ_{c0}, χ_{c1}, and χ_{c2} mesons at LHCb (solid, dashed and dotted lines respectively)

of χ_{c0} meson. The branching fraction of its radiative decay is small, so this task looks very difficult, but nevertheless possible. In Figs.5, 6 we show theoretical predictions of χ_{c0,1,2} meson production cross sections and their ratios at LHCb.

4. Conclusion

The paper is devoted to inclusive P -wave charmonia production in hight energy hadronic experiments.

Using existing experimental data presented by collaborationsCDF [10, 21] and LHCb [12] we determined the cross sections of color singlet and color octet χ_{cJ} mesons. Our analysis show, that contributions of color singlet components are dominant, while P -wave color octet components are strongly suppressed. As for S-wave color octet components, we found, that their contributions can safely be neglected completely. We also present theoretical predictions for χ_{c1,2} production cross sections and transverse momentum distributions at LHCb and discuss in in details processes of scalar charmonium production χ_{c0}.

Figure 6: The ratios χ_{c0}/χ_{c1} (top panel) and χ_{c0}/χ_{c2} (bottom panel) at LHCb

The authors would like to thank A. Novoselov, I. Belyaev and E. Tournefier for fruitful discussions. The work was financially supported by Russian Foundation for Basic Research (grant #10-00061a), the grant of the president of Russian Federation (grant #MK-3513.2012.2), and FRRC grant.

References

[1] G. T. Bodwin, E. Braaten, G. P. Lepage, Phys.Rev. D51 (1995) 1125– 1171. doi:10.1103/PhysRevD.55.5853,10.1103/PhysRevD.51.1125.

arXiv:hep-ph/9407339.

[2] A. Likhoded, A. Luchinsky, S. Poslavsky, Phys.Rev. D86 (2012) 074027.

doi:10.1103/PhysRevD.86.074027. arXiv:1203.4893.

[3] L. Landau, Dokl.Akad.Nauk Ser.Fiz. 60 (1948) 207–209.

[4] C.-N. Yang, Phys.Rev. 77 (1950) 242–245. doi:10.1103/PhysRev.77.242.

[5] V. Kartvelishvili, A. Likhoded, S. Slabospitsky, Sov.J.Nucl.Phys. 28 (1978) 678.

[6] R. Baier, R. Ruckl, Z.Phys. C19 (1983) 251. doi:10.1007/BF01572254.

[7] R. Gastmans, W. Troost, T. T. Wu, Nucl.Phys. B291 (1987) 731.

doi:10.1016/0550-3213(87)90493-7.

[8] M. Meijer, J. Smith, W. van Neerven, Phys.Rev. D77 (2008) 034014.

doi:10.1103/PhysRevD.77.034014. arXiv:0710.3090.

[9] A. Likhoded, A. Luchinsky, Phys.Atom.Nucl. 71 (2008) 294–308.

doi:10.1007/s11450-008-2010-y. arXiv:hep-ph/0703091.

[10] F. Abe, et al. (CDF Collaboration), Phys.Rev.Lett. 79 (1997) 578–583.

doi:10.1103/PhysRevLett.79.578.

[11] A. Abulencia, et al. (CDF Collaboration), Phys.Rev.Lett. 98 (2007) 232001.

doi:10.1103/PhysRevLett.98.232001. arXiv:hep-ex/0703028.

[12] R. Aaij, et al. (LHCb Collaboration), Phys.Lett. B714 (2012) 215–223.

doi:10.1016/j.physletb.2012.06.077. arXiv:1202.1080.

[13] J. Beringer, et al. (Particle Data Group), Phys.Rev. D86 (2012) 010001.

doi:10.1103/PhysRevD.86.010001.

[14] M. Olsson, A. D. Martin, A. Peacock, Phys.Rev. D31 (1985) 81.

doi:10.1103/PhysRevD.31.81.

[15] C. R. Munz, Nucl.Phys. A609 (1996) 364–376.

doi:10.1016/S0375-9474(96)00265-5. arXiv:hep-ph/9601206.

[16] D. Ebert, R. Faustov, V. Galkin, Mod.Phys.Lett. A18 (2003) 601–608.

doi:10.1142/S021773230300971X. arXiv:hep-ph/0302044.

[17] V. Anisovich, L. Dakhno, M. Matveev, V. Nikonov, A. Sarantsev, Phys.Atom.Nucl. 70 (2007) 63–92. doi:10.1134/S1063778807010097.

arXiv:hep-ph/0510410.

[18] G.-L. Wang, Phys.Lett. B674 (2009) 172–175.

doi:10.1016/j.physletb.2009.03.030. arXiv:0904.1604.

[19] B.-Q. Li, K.-T. Chao, Commun.Theor.Phys. 52 (2009) 653–661.

doi:10.1088/0253-6102/52/4/20. arXiv:0909.1369.

[20] C.-W. Hwang, R.-S. Guo, Phys.Rev. D82 (2010) 034021.

doi:10.1103/PhysRevD.82.034021. arXiv:1005.2811.

[21] K. Abe, et al. (Belle Collaboration), Phys.Rev.Lett. 89 (2002) 142001.

doi:10.1103/PhysRevLett.89.142001. arXiv:hep-ex/0205104.

[22] V. Braguta, A. Likhoded, A. Luchinsky, Phys.Rev. D79 (2009) 074004.

doi:10.1103/PhysRevD.79.074004. arXiv:0810.3607.

[23] V. Braguta, A. Likhoded, A. Luchinsky, Phys.Rev. D78 (2008) 074032.

doi:10.1103/PhysRevD.78.074032. arXiv:0808.2118.