arXiv:0906.0882v2 [hep-ph] 18 Sep 2009

Is the X(3872) Production Cross Section at Tevatron Compatible with a Hadron Molecule Interpretation?

C Bignamini^{†,�}, B Grinstein^∗, F Piccinini^†, AD Polosa^¶ and C Sabelli^{‡,¶} † INFN Pavia, Via A. Bassi 6, Pavia, I-27100, Italy � Institut für Theoretische Physik, Universität Karlsruhe, Karlsruhe, D-76128 Germany ∗University of California, San Diego, Department of Physics, La Jolla, CA 92093-0315, USA ¶INFN Roma, Piazzale A. Moro 2, Roma, I-00185, Italy ‡Department of Physics, Università di Roma, ‘La Sapienza’, Piazzale A. Moro 2, Roma, I-00185, Italy

The X(3872) is universally accepted to be an exotic hadron. In this letter we assume that the X(3872) is a D^0D̄^{∗0} molecule, as claimed by many authors, and attempt an estimate of its prompt production cross section at Tevatron. A comparison with CDF data allows to draw rather compelling quantitative conclusions about this statement.

PACS: 12.39.-x, 12.39.Mk, 13.75.-n

Introduction. Since the discovery of the X(3872) resonance by Belle [1] it was soon realized that, despite its prominent decay mode were into J/ψρ, this particle could not have been identified as a standard charmonium excitation [2]. The mass of the X being so close to the D^0D̄^{∗0} threshold suggested to many authors that it could be a neat example of a hadron molecule [3]. The idea of molecules of hadrons dates back to the work by Fermi and Yang [4] in which the pion is interpreted as a nucleon-nucleon bound state. The case of the X(3872), in this respect, is rather peculiar though: the D^0D̄^{∗0} molecule constituting the X(3872) would be characterized by an extremely small binding energy.

After Belle, CDF and D0 confirmed the X(3872) in proton-antiproton collisions [5, 6]. Later, BaBar [7] found the X(3872) in the same B decay observed at Belle. It seems odd that a such a loosely bound molecule could be produced promptly (i.e. not from B decay) in a high energy hadron collision environment.

This was one of the motivations to consider the possibility that the X(3872) could be, instead of a molecule, a ‘point-like’ hadron resulting from the binding of a diquark and an antidiquark [8], following the interpretation proposed by Jaffe and Wilczek [9] of pentaquark baryons (antidiquark-antidiquark-quark). The drawback of the diquark picture is the proliferation of states predicted and the little insight on selection rules that could explain why many of these states are not yet seen (for a recent account on this aspect see e.g. [10]).

In this letter we address the problem of estimating the prompt production cross section of the X(3872) at the Tevatron and compare our results with the most recent observations by the CDF experiment allowing us to obtain a lower bound for it. We will assume that the X(3872) is a D^0D̄^{∗0} hadron molecule. For an earlier attempt in this direction [11].

We employ standard Monte Carlo tools as Herwig [12] and Pythia [13] to compute the production of D and D^∗ hadrons in proton-antiproton collisions at Tevatron energies. Open charm meson pairs produced are ordered as a function of their relative 3-momentum and of their center of mass momentum. We select those which pass the kinematical cuts used in the analysis made by the CDF collaboration.

As we will explain below, we can estimate an upper bound for the theoretical cross section and a lower bound for the experimental one. The comparison of the two should give a qualitative answer whether the production of X(3872) is exclusively due to the formation of a molecular bound-state. In the following considerations we will not make use of any particular model. The only model dependency in our calculations is that hardwired in the hadronization schemes of Pythia and Herwig. Indeed, to add weight to our conclusions, a comparison between the results obtained with both MC’s will be carried out.

CDF data on prompt X(3872) production. The CDF collaboration soon after the observation of the X(3872) in the J/ψπ^+π^− channel measured the fraction of promptly produced X(3872) to be 83.9 ± 5.3% [14]. In the same conference note we find the yields of ψ(2S) → J/ψπ^+π^− and X(3872) → J/ψπ^+π^− candidates, using nearly identical selection criteria (indeed the selection differs by just an additional cut on the dipion invariant mass for the X(3872) case which is reported to produce little effect on the X(3872) signal), as well as the measurement of the prompt fraction of ψ(2S) candidates. From these, and assuming the same detection efficiency for ψ(2S) and X(3872), which is presumably true within a factor of two but has never been reported as such by the CDF collaboration, we can roughly estimate, taking from [15] the B(ψ(2S) → J/ψπ^+π^−):

σ(pp̄ → X(3872) + All)_{prompt} × B(X(3872) → J/ψπ^+π^−)) σ(pp̄ → ψ(2S) + All)

= 4.7 ± 0.8% (1)

where the uncertainty includes statistical and systematic uncertainties but do not attempt to gauge the assumption of equal detection efficiency. The acceptance of the ψ(2S) and X(3872) candidates is not specified in [14], but from the CDF II detector geometry and the indicated candidates selection we can conservatively assume that the above ratio applies for p_⊥ > 5 GeV and |y| < 1.

To derive an absolute X(3872) cross section, we can use the recently published [16] ψ(2S) Run II prompt differential cross-section measurement integrating from p_T > 5 and taking B(ψ(2S) → μ^+μ^−) from [15]: σ(pp̄ → ψ(2S) + All) = 67 ± 9 nb for p_⊥(ψ(2S)) > 5 GeV, |y(ψ(2S))| < 0.6.

Assuming that both X(3872) and ψ(2S) have the same rapidity distribution in the range |y| < 1, we can finally estimate a lower bound on the prompt prodution cross section of X(3872) as:

σ(pp̄ → X(3872) + All)^{min} > σ(pp̄ → X(3872) + All) × B(X(3872) → J/ψπ^+π^−) = 3.1 ± 0.7 nb (2)

in p_⊥(X) > 5 GeV, |y(X)| < 0.6. We aim at comparing σ^{min}_{exp} with some upper bound on the theoretical determination of the cross section: σ^{max}_{th} .

Estimating an upper bound for σ_{th}. Let us suppose that X(3872) is an S-wave bound state of two D mesons, namely a 1/ √ 2(D^0D̄^{∗0} + D̄^0D^{∗0}) molecule (we will use the shorthand notation D^0D̄^{∗0}). Such a molecule has the correct 1^{++} quantum numbers of the X(3872). The X(3872) prompt production cross section at the Tevatron could be written as: σ(pp̄ → X(3872)) ∼ | | | ∫ d^3k⟨X|DD̄^∗(k)⟩⟨DD̄^∗(k)|pp̄⟩ | | | 2 ≃ | | | ∫ R d^3k⟨X|DD̄^∗(k)⟩⟨DD̄^∗(k)|pp̄⟩ | | | 2

≤ ∫ R d^3k|ψ(k)|^2 ∫ R d^3k|⟨DD̄^∗(k)|pp̄⟩|^2 ≤ ∫ R d^3k|⟨DD̄^∗(k)|pp̄⟩|^2 ∼ σ(pp̄ → X(3872))^{max} (3)

where k is the relative 3-momentum between the D(p_1), D^∗(p_2) mesons. ψ(k) = ⟨X|DD̄^∗(k)⟩ is some normalized bound state wave function characterizing the X(3872). R is the integration region where ψ(k) is significantly different from zero. The first inequality is the Schwartz inequality: the equal sign holds only when ψ(k)/⟨DD̄^∗(k)|pp̄⟩ is equal to a constant almost everywhere in the integration region [17]. The matrix element ⟨DD̄^∗(k)|pp̄⟩ can be computed using standard matrix-element/hadronization Monte Carlo programs like Herwig and Pythia. To do so, we require our MC tools to generate 2 → 2 QCD events with some loose partonic cuts. Configurations with one gluon recoiling from a cc̄ pair, are those configuration expected to produce two collinear charm quarks and in turn collinear open charm mesons. The parton shower algorithms in Herwig and Pythia treat properly these configurations at low p_⊥ whereas they are expected to be less important at higher p_⊥. We will discuss also these processes at the parton level.

In the hadron samples produced by the shower/hadronization algorithm we list the events containing D^0D̄^{∗0} as a function of their center of mass relative momentum. At this level, the only cuts are those on partons: p^{part}_⊥ > 2 GeV and |y^{part}| < 6. If more than one D^0D̄^{∗0} pair is found in the event, we select the pair having the smaller relative 3-momentum k.

We tune our MC tools on CDF data on D^0D^{∗−} pair production cross section distributions in the Δϕ variable, ϕ being the azimuthal angle in the transverse plane to the beam axis z; see Fig. 1 and 2.

As for the determination of the region R in (3) we estimate it having in mind a naive gaussian ansatz for the bound state wave function. It is straightforward to estimate the momentum spread of the gaussian by assuming a strong interaction Yukawa potential between the two D mesons. Given that the binding energy E_0 is E_0 ∼ M_X − M_D − M_D∗ = −0.25 ± 0.40 MeV we find that r_0 ∼ 8 fm (8.6 ± 1.1 fm) and applying the (minimal) uncertainty principle relation, we get the gaussian momentum spread Δp ∼ 12 MeV. One can check that changing the value of g^2/4π ∼ O(10) has a small effect on the size of R.

Given the very small binding energy we can estimate k to be as large as k ≃ √ 2μ(−0.25 + 0.40) ≃ 17 MeV or of the order of the center of mass momentum k = √ λ(m^2_X , m^2_D, m^{∗2}_D )/2m_X ≃ 27 MeV. Given these considerations, we can restrict the integration region to a ball R of radius^1 ≃ [0, 35] MeV.

Since we assume that D − D^∗ interactions have a range of ∼ 1/m_π, we expect a relative orbital angular momentum ℓ <∼ k/m_π, i.e., we can only allow S−wave resonance scattering. Moreover we expect that D^0D̄^{∗0} is a rather narrow object, its width being almost equal to the width of its D^∗ component: Γ ∼ 65 KeV. This is compatible with the determination of Belle and BaBar which find that the width of the X(3872) in the J/ψρ channel is < 2.3 MeV at 90% C.L.. On the other hand attractive potentials do not generate such sharp resonances in S-wave. In higher partial waves the centrifugal angular momentum barrier allows the formation of

1 Which corresponds to a k_0 of the Gaussian at ∼ 27 MeV and a spread of +12 MeV.

FIG. 1: The D^0D^{∗−} pair cross section as function of Δϕ at CDF Run II. The transverse momentum, p_⊥, and rapidity, y, ranges are indicated. Data points with error bars, are compared to the leading order event generator Herwig. The cuts on parton generation are p^{part}_⊥ > 2 GeV and |y^{part}| < 6. We have checked that the dependency on these cuts is not significative. We find that we have to rescale the Herwig cross section values by a factor KHerwig ≃ 1.8 to best fit the data on open charm production.

FIG. 2: The same as in Fig. 1 but using Pythia. We find that we have to rescale the Pythia cross sections by a factor K_{Pythia} ≃ 0.74 to best fit the data on open charm production. In both cases the agreement of the Monte Carlo distribution with data is remarkable.

bound metastable states. Although as the D^0D̄^{∗0} molecule has to be a 1^{++} state, we would need the first even parity wave, namely D-wave! Indeed in higher partial waves one can estimate the width of the resonance to be Γ ∼ ΔE ∼ E_0(ka)^{2ℓ−1}, a being the range of the interaction. Then, in the D−wave case, there could have been a sharp resonance that we do not expect in the S−wave case where we necessarily are. Other molecule formation mechanisms under study, namely Feshbach resonances, could explain the narrowness of theses states [18].

Results. As shown in Figs. 1 and 2, we can reproduce rather well the cross section distributions in azimuth intervals Δϕ for open charm production at CDF (see for example [19] and the relative CDF internal notes), provided that we adopt some rescaling factors as to get the right normalizations.

We have used Herwig and Pythia to compute hadron final states from 2 → 2 QCD parton processes reaching a Monte Carlo luminosity L ∼ 100 nb^{−1}. In Fig. 3 we show the integrated cross section as a function of the center of mass relative momentum in the D^0D̄^{∗0} molecule obtained using Herwig. To get the minimal experimental value of σ ∼ 3.1 ± 0.7 nb we need to include D^0D̄^{∗0} configurations having up to k_{rel} = 205 ± 20 MeV. Molecule candidates in the ball of relative momenta R can account only for 0.071 nb. Repeating the same calculation with Pythia, see Fig. 4, we get k_{rel} = 130 ± 15 MeV whereas in R we integrate 0.11 nb.

Simulating the real experimental situation of prompt production of X(3872) at CDF would require a further increase of just a factor of 10^4 in the Monte Carlo luminosity which is extremely CPU demanding. Yet, in consideration of the stability of our results, we do not expect significant variations from what here observed.

In conclusion we study gcc̄ events with one gluon at p_⊥ > 5 GeV recoiling from the cc̄ pair which in turn can hadronize into open charm mesons very close in phase space. We perform this computation at the parton level using ALPGEN [20] and assuming that the fragmentation functions into open charm mesons to be set to one. This corresponds to an upper bound estimation. The results obtained point at a definitely negligible contribution from these configurations, being in the range of few picobarns.

Conclusions. We have simulated the production of open charm mesons in high energy hadronic collisions at the Tevatron. The generated samples have been examined searching for D and D^∗ mesons being in the conditions to form, through resonant scattering, bound states with binding energy as small as ∼ 0.25 MeV. These X(3872) candidates have been required to pass the same kinematical selection cuts used in the CDF data analysis. This allows to estimate an upper bound for the theoretical prompt production cross section of X(3872) at CDF. Averaging the results obtained with Pythia and Herwig we find this to be approximately 0.085 nb in the most reasonable region of center of mass relative momenta [0, 35] MeV of the open charm meson pair constituting the molecule. This value has to be compared with the lower bound on the experimental cross section, namely 3.1 ± 0.7 nb, extracted from CDF data The intuitive expectation that S−wave resonant scattering is unlikely to allow the formation of a loosely bound D^0D̄^{∗0} molecule in high energy hadron collision is confirmed by this analysis.

FIG. 3: The integrated cross section obtained with Herwig as a function of the center of mass relative momentum of the mesons in the D^0D̄^{∗0} molecule. This plot is obtained after the generation of 55 × 10^9 events with parton cuts p^{part}_⊥ > 2 GeV and |y^{part}| < 6. The cuts on the final D mesons are such that the molecule produced has a p_⊥ > 5 GeV and |y| < 0.6.

FIG. 4: Same plot as in Fig. 3 but using Pythia. We show these curves in a wide range of k_{rel} to give an idea of the remarkable Monte Carlo stability against fluctuations achieved on account of the very high statistics used.

Acknowledgments

We wish to thank Marco Rescigno for his indispensable hints on CDF data. We acknowledge many useful discussions with E. Braaten, R. Escribano, F. Maltoni, R.L. Jaffe, and thank Gino Isidori and Alessandro Strumia for their comments on the manuscript. The work of one of us (B.G.) is supported in part by the US Department of Energy under contract DE-FG03-97ER40546.

[1] S. K. Choi et al. [Belle Collaboration], Phys. Rev. Lett. 91, 262001 (2003) [arXiv:hep-ex/0309032]. [2] C. Quigg, Nucl. Phys. Proc. Suppl. 142, 87 (2005) [arXiv:hep-ph/0407124].

[3] F. E. Close and P. R. Page, Phys. Lett. B 628, 215 (2005) [arXiv:hep-ph/0507199]; E. Braaten and M. Kusunoki, Phys. Rev. D 69, 074005 (2004) [arXiv:hep-ph/0311147]; F. E. Close and P. R. Page, Phys. Lett. B 578, 119 (2004) [arXiv:hep-ph/0309253]; N. A. Tornqvist, Phys. Lett. B 590, 209 (2004) [arXiv:hep-ph/0402237]; E. S. Swanson, Phys. Rept. 429, 243 (2006) [arXiv:hep-ph/0601110]; M. B. Voloshin, In the Proceedings of 4th Flavor Physics and CP Violation Conference (FPCP 2006), Vancouver, British Columbia, Canada, 9-12 Apr 2006, pp 014 [arXiv:hep-ph/0605063]; S. Fleming, M. Kusunoki, T. Mehen and U. van Kolck, Phys. Rev. D 76, 034006 (2007) [arXiv:hep-ph/0703168]; E. Braaten and M. Lu, Phys. Rev. D 76, 094028 (2007) [arXiv:0709.2697 [hep-ph]]; E. Braaten and M. Lu, Phys. Rev. D 77, 014029 (2008) [arXiv:0710.5482 [hep-ph]];

[4] E. Fermi and C. N. Yang, Phys. Rev. 76, 1739 (1949).

[5] D. E. Acosta et al. [CDF II Collaboration], Phys. Rev. Lett. 93, 072001 (2004) [arXiv:hep-ex/0312021]. [6] V. M. Abazov et al. [D0 Collaboration], Phys. Rev. Lett. 93, 162002 (2004) [arXiv:hep-ex/0405004]. [7] B. Aubert et al. [BABAR Collaboration], Phys. Rev. D 71, 071103 (2005) [arXiv:hep-ex/0406022]. [8] L. Maiani, F. Piccinini, A. D. Polosa and V. Riquer, Phys. Rev. D 71, 014028 (2005) [arXiv:hep-ph/0412098]. [9] R. L. Jaffe and F. Wilczek, Phys. Rev. Lett. 91, 232003 (2003) [arXiv:hep-ph/0307341]. [10] N. V. Drenska, R. Faccini and A. D. Polosa, Phys. Lett. B 669, 160 (2008) [arXiv:0807.0593 [hep-ph]]; Phys. Rev.

D 79, 077502 (2009) [arXiv:0902.2803 [hep-ph]].

[11] M. Suzuki, Phys. Rev. D 72, 114013 (2005) [arXiv:hep-ph/0508258]. [12] G. Corcella et al., JHEP 0101, 010 (2001) [arXiv:hep-ph/0011363].

[13] T. Sjostrand, P. Eden, C. Friberg, L. Lonnblad, G. Miu, S. Mrenna and E. Norrbin, Comput. Phys. Commun. 135, 238 (2001) [arXiv:hep-ph/0010017].

[14] CDF note 7159, http://www-cdf.fnal.gov/physics/new/bottom/051020.blessed-X3872/XLife/xlonglivedWWW.ps;

see also A. Abulencia et al. [CDF Collaboration], Phys. Rev. Lett. 98, 132002 (2007) [arXiv:hep-ex/0612053]. [15] C. Amsler et al, Physics Letters B667, 1 (2008).

[16] T. Aaltonen et al. [CDF Collaboration], “Production of psi(2S) Mesons in ppbar Collisions at 1.96 TeV,” arXiv:0905.1982 [hep-ex].

[17] E.C. Titchmarsh, The Theory of Functions , Oxford. [18] Private communications with E. Braaten and R.L. Jaffe.

[19] http://www-cdf.fnal.gov/physics/new/bottom/060921.blessed-double-charm-corr/ [20] M. L. Mangano, M. Moretti, F. Piccinini, R. Pittau and A. D. Polosa, “ALPGEN, a generator for hard multiparton processes in hadronic collisions,” JHEP 0307, 001 (2003) [arXiv:hep-ph/0206293].