arXiv:0901.2371v1 [hep-ex] 16 Jan 2009

Hadronic Spectrum - Multiquark States

Stephen L. Olsen

Department of Physics & Astronomy, University of Hawaii, Honolulu, HI 96822, USA

Abstract

Many newly discovered mesons behave like cc̄ charmonium states in that they preferentially decay into final states that contain a c- and a c̄-quark, but do not fit expectations for any of the unfilled levels of the conventional cc̄ spectrum. There is a growing suspicion that at least some of these states are exotic, i.e. have a substructure that is more complex than the quarkantiquark mesons of the classical constituent quark model. Some of these candidate states have a non-zero electric charge and, thus, a minimal quark content of cc̄ud̄ or cc̄dū. In addition, states with similar properties have been observed in the b- and s-quark sectors. In this report, the experimental situation is briefly reviewed.

Key words: charmonium, exotic mesons, XYZ mesons PACS: 14.40.Gx, 12.39.Mk

1. Introduction

Quantum Chromodynamics (QCD) suggests the possible existence of hadrons with a substructure that is more complex than the three quark baryons and the quarkantiquark mesons of the Quark Parton Model (QPM). Possibilities for these so-called exotic hadrons include pentaquark baryons (qqqq̄q), tetraquark mesons (qq̄qq̄) and quarkgluon hybrids (qq̄g). Although considerable theoretical and experimental effort has gone into identifying exotic states, the situation remains unclear. The interest in this subject is demonstrated by the huge literature related to the purported observation of the Θ(1535) strangeness=+1 pentaquark. According to SPIRES, the experimental paper [1] that claimed first observation of the Θ(1530) has received over 785 citations.

There has been some recent progress in the identification of what may be exotic mesons. The BaBar and Belle B-factory experiments have, somewhat unexpectedly, discovered a

Email address: solsen@phys.hawaii.edu (Stephen L. Olsen).

Preprint submitted to Elsevier 19 January 2009

number of interesting charmonium-like meson states that have defied assignment to any of the unfilled levels of the cc̄ spectrum and, thus, remain unclassified. These have come to be known collectively as the “XY Z” mesons, and include: the experimentally well established X(3872) [2] and Y (4260) [3], which decay to π^+π^−J/ψ; the X(3940) [4], seen in D^∗D̄ [5], and the X(4160) [6] seen in D^∗D̄^∗; the Y (3940) [7,8], seen in ωJ/ψ; and the Y (4350) [9] and Y (4660) [10] seen in π^+π^−ψ^′. In addition, Belle reported observations of similar states but with non-zero electric charge: the Z(4430) [11] seen in π^+ψ^′ and the Z_1(4040) & Z_2(4240) [12] seen in π^+χ_{c1}. These Z states have not yet been confirmed by other experiments and remain somewhat controversial [13]. Table 1 summarizes the abovementioned XY Z candidate states as well as some other states discussed below.

In this report I will briefly review the reasons why these states have eluded conventional cc̄ assignments, discuss possible alternative interpretations, and present some evidence for similar states in the s- and b-quark sectors.

Table 1 Summary of the candidate XY Z mesons discussed in this talk.

state M (MeV) Γ (MeV) J^{P C} Decay Modes Production Modes Observed by:

Y_s(2175) 2175 ± 8 58 ± 26 1^{−−} ϕf_0(980) e^+e^− (ISR), J/ψ → ηY_s(2175) BaBar, BESII, Belle

X(3872) 3871.4 ± 0.6 < 2.3 1^{++} π^+π^−J/ψ,γJ/ψ, DD̄^∗ B → KX(3872), pp̄ Belle, CDF, D0, BaBar

Z(3930) 3929 ± 5 29 ± 10 2^{++} DD̄ γγ → Z(3940) Belle

X(3940) 3942 ± 9 37 ± 17 0^{?+} DD̄^∗ (not DD̄ or ωJ/ψ) e^+e^− → J/ψX(3940) Belle

Y (3940) 3943 ± 17 87 ± 34 ?^{?+} ωJ/ψ (not DD̄^∗) B → KY (3940) Belle, BaBar

Y (4008) 4008^{+82}_{−49} 226^{+97}_{−80} 1^{−−} π^+π^−J/ψ e^+e^−(ISR) Belle

X(4160) 4156 ± 29 139^{+113}_{−65} 0^{?+} D^∗D̄^∗ (not DD̄) e^+e^− → J/ψX(4160) Belle

Y (4260) 4264 ± 12 83 ± 22 1^{−−} π^+π^−J/ψ e^+e^−(ISR) BaBar, CLEO, Belle

Y (4350) 4361 ± 13 74 ± 18 1^{−−} π^+π^−ψ^′ e^+e^−(ISR) BaBar, Belle

Y (4660) 4664 ± 12 48 ± 15 1^{−−} π^+π^−ψ^′ e^+e^−(ISR) Belle

Z_1(4050) 4051^{+24}_{−23} 82^{+51}_{−29} ? π^±χ_{c1} B → KZ^±_1 (4050) Belle

Z_2(4250) 4248^{+185}_{−45} 177^{+320}_{−72} ? π^±χ_{c1} B → KZ^±_2 (4250) Belle

Z(4430) 4433 ± 5 45^{+35}_{−18} ? π^±ψ^′ B → KZ^±(4430) Belle

Y_b(10890) 10, 890 ± 3 55 ± 9 1^{−−} π^+π^−Υ(1, 2, 3S) e^+e^− → Y_b Belle

2. Charmonium possibilities

The cc̄ charmonium meson level diagram is shown in Fig. 1 [14]. Here the states that have already been assigned are labeled by their commonly used symbols and measured mass values. The solid lines indicate the measured levels and the broken lines indicate masses derived from QCD-motivated potential model calculations [15]. If any of the XY Z mesons are to be interpreted as simple quark-antiquark states, they must be assigned to one of the figure’s unlabeled levels. All of the states with mass below the M = 2m_D = 3.73 GeV “open-charm” threshold (indicated by the horizontal line in Fig. 1) have already been identified and have properties that are in good agreement with potential model

Fig. 1. The predicted and observed spectrum of cc̄ charmonium mesons. Already assigned states and their experimentally measured masses are indicated by solid bars and their commonly used names. The broken lines indicate various theoretical predictions. The horizontal line at 3.73 GeV indicates the mass threshold for decays to DD̄ “open charm” final states.

expectations. In addition, all of the 1^{−−} levels above the open charm threshold have been assigned to peaks in the total annihilation cross section for e^+e^− → hadrons [16].

Of the XY Z states listed in Table 1, only the Z(3930) [17] has been convincingly assigned to a charmonium level; there is general agreement that this is the (2^3P_2) χ^′_{c2}.

2.1. The X(3872)

The experimentally preferred J^{P C} value for the X(3872) is 1^{++}, although 2^{−+} has not been conclusively ruled out [18]. The only unfilled 1^{++} level in Fig. 1 is the χ^′_{c1}, the 2^3P_1 cc̄ state. As mentioned above, the J = 2 triplet partner state for this level has been identified as the Z(3930) with a mass of 3929 ± 5 MeV. A χ^′_{c1} assignment for the X(3872) would imply a χ^′_{c2}-χ^′_{c1} mass splitting for radial quantum number n = 2 (i.e. δm ∼ 57 MeV) that is larger than that for the n = 1 splitting (δm = 46 MeV), contrary to potential model expectations. A bigger difficulty with this assignment is the fact that the X(3872) → ρJ/ψ discovery mode would be an isospin violating transition that should be strongly suppressed compared to the X(3872) → γJ/ψ mode; the latter is measured to be much smaller than the former [19]. Using the 2^{−+} assignment does not help; in this case the π^+π^−J/ψ mode would also be isospin violating, and the γJ/ψ transition, which would be a ΔL = 2 transition, would be unmeasurably small, which it isn’t.

2.2. The X(3940) and X(4160)

The X(3940) is seen in the DD̄^∗ system recoiling from the J/ψ in exclusive ee → J/ψDD̄^∗ annihilations; the X(4160) is seen in the D^∗D̄^∗ system in J/ψ in ee → J/ψD^∗D̄^∗.

Neither are seen in the experimentally more accessible DD̄ channel. The only known charmonium states that are seen recoiling from the J/ψ in e^+e^− → J/ψX processes have J = 0. This, plus the absence of the DD̄ mode, provides circumstantial evidence that favors J^{P C} = 0^{−+} assignments for both states, which for charmonium would be the η^{′′}_c and η^{′′′}_c . Such an assignment has difficulty with the measured masses: the predicted η^{′′}_c mass is about 4050 MeV, over 100 MeV too high for the X(3940); the predicted η^{′′′}_c is around 4400 MeV, more than 200 MeV higher than the X(4160),

2.3. The Y (3940)

The Y (3940) was first seen by Belle as a near-threshold peak in the ωJ/ψ invariant mass spectrum in exclusive B → KωJ/ψ decays [7]. It was subsequently confirmed by BaBar [8], although there remain some (∼ 2σ) discrepancies between the Belle & BaBar measurements of the mass and width.

It is unlikely that the Y (3940) (seen in ωJ/ψ) and the X(3940) (seen in DD̄^∗) are different decay modes of the same state. Belle has searched for Y (3940) → DD̄^∗ in B → KDD̄^∗ decays and finds a 90% CL lower limit of B(Y → ωJ/ψ)/B(Y → DD̄^∗) > 0.71 [20] that contradicts a 90% CL upper limit from a search for X(3940) → ωJ/ψ in e^+e^− → J/ψJ/ψω annihilations: B(X → ωJ/ψ)/B(X → DD̄^∗) < 0.58 [4]. Possible charmonium assignments for the Y (3940) are the η^{′′}_c (0^{−+}) — although its mass is a little low — and the χ^′_{c0} (0^{++}) for which its mass is too high. The primary difficulty with a charmonium assignment for the Y (3940) is its large partial width to ωJ/ψ, which reasonable estimates put above 1 MeV [21] and which may in fact be quite a bit higher. This is well above the measured partial widths for any of the observed hadronic transitions between charmonium states.

2.4. The J^{P C} = 1^{−−} Y states

The Y (4260) was first seen by BaBar as a peak in the π^+π^−J/ψ mass spectrum in the initial-state-radiation (ISR) process e^+e^− → γ_{ISR}π^+π^−J/ψ. The Y (4350) and Y (4660) are seen in the π^+π^−ψ^′ mass spectrum in the ee → π^+π^−ψ^′ ISR process. (Belle also sees a broad Y (4008) peak in π^+π^−J/ψ [22], but this has not been confirmed by BaBar [23].) Since these states are produced via ISR, their J^{P C} has to be 1^{−−}.

There are no unassigned 1^{−−} slots for any of these states in the M < 4.4 GeV spectrum of Fig. 1. Moreover, no hint of any of them in seen in any of the D^{(∗)}D̄^{(∗)} channels [24]. This implies that their π^+π^−J/ψ(ψ^′) decay widths must be quite large. In the case of the Y (4260), the π^+π^−J/ψ has been established to be more that 1.6 MeV [25]. This is much too large for charmonium, where allowed π^+π^−J/ψ transitions have measured partial widths of 100 keV or less.

2.5. The charged Z particles

Belle reported a peak with a ∼ 6.5σ statistical significance near 4430 MeV in the π^±ψ^′ channel in exclusive B → Kπ^±ψ^′ decays [11]. A peak at the observed πψ^′ invariant mass value cannot be produced by reflections from the Kπ system. However, BaBar did not confirm this peak, finding at most a signal of ∼ 1.7σ significance [13]. A subsequent full Dalitz-plot analysis (see Fig. 2 left) of the Belle B → Kπ^±ψ^′ sample confirms their original mass and significance determinations [26]. Belle also reported two peaks with greater than 5σ statistical significance in the π^±χ_{c1} channel, the Z_1(4050) & Z_2(4250), in exclusive B → Kπ^±χ_{c1} decays, again from a Dalitz-plot analysis (Fig. 2 right). If these peaks are interpreted as meson states, they must have a minimal tetraquark cc̄ud̄ substructure and there are no possible charmonium or charmonium hybrid assignments.

Fig. 2. Left: (B → Kπ^±ψ^′) The points with errors are data and the histograms show fits to a Dalitz-plot projection that has the K^∗ bands removed with & without the inclusion of the Z(4430) resonance in the π^±ψ^′ channel. Right: (B → Kπ^±χ_{c1}) A similar Dalitz-plot projection for data & fits with & without the inclusion of two resonances in the π^±χ_{c1} channel.

3. Exotic possibilities

In this section I discuss the possible interpretations of the XY Z peaks as cc̄qq̄ tetraquark states or cc̄-gluon hybrid states.

3.1. Tetraquarks

Two very distinct types of tetraquark mesons have been proposed: molecular states, which are relatively loosely bound structures comprised of deuteron-like mesons-antimeson bound states [27], and diquark-diantiquark mesons in which the two quarks form an anticolor triplet state that binds tightly to a color triplet that is formed from the two antiquarks [28]. These two types of structures have very different phenomenologies.

3.1.1. Molecules

A molecular state is expected to have a mass that is slightly below the sum of the masses of its meson-antimeson constituents and exhibit large isospin violations. The X(3872), with a mass that is within errors of the m_D + m_D∗ mass threshold and has decay rates to π^+π^−J/ψ and π^+π^−π^0J/ψ that are nearly equal [29]. Thus, this is a nearly ideal candidate for a DD̄^∗ molecular state, either real [30,31,32,33] or virtual [34]. On the other hand, its proximity to the DD̄^∗ threshold has also led to speculation that it is some kind of a threshold effect [35,36,37]. In theses latter schemes, mixing with the χ^′_{c1} charmonium state can play an important role.

A new piece of experimental information, the significance of which has yet to be commented on by any theorist, is a study of X(3872) production in exclusive B → KπX(3872) decays [38]. The left panel of Fig. 3 shows the Kπ invariant mass distribution, where it is evident that non-resonant Kπ production dominates, and the K^∗(890) contribution is small and of marginal significance. This is in contrast to what is seen in all other B → Kπ+charmonium decays in which the K^∗(890) contribution dominates; for example, the right panel of Fig. 3 shows the M(Kπ) distribution for B → K^−π^+χ_{c1} decays [39], where a prominent K^∗(890) signal is clearly evident.

Not all of the XY Z states fit the molecule picture. For example the X(3940), Y (3940) and Y (4660) are not near any D^{(∗)}D̄^{(∗)} mass threshold. (Note that π-exchange, the dominant binding term in molecular models, is absent in D^{(∗)}s ¯ D^{(∗)}s systems.)

Fig. 3. Left: The M(Kπ) distribution for B → K^−π^+X(3872) decays. The lower curves show backgrounds from non-resonant and K^∗(890) Kπ systems. Right: The M(Kπ) distribution for B → K^−π^+χ_{c1} decays.

3.1.2. Diquark-diantiquarks

Essentially all of the observed XY Z states can be accommodated by the diquarkdiantiquark model. However, in this picture, each of the assigned state is expected to have an associated flavor-SU(3) multiplet of states. One prediction of this model is that there should be two X(3872) states — X_u = cuc̄ū and X_d = cdc̄d̄ — with a mass difference of 8 ± 3 MeV. No evidence for such a pairing has been found [20,38]. In addition, in this model one expects a charged isospin partner of the X(3872) to be produced in B decays. BaBar searched for such an X^+(3872) → ρ^+J/ψ state in neutral B meson decays and and set an upper limit that is well below isospin-based expectations [40]. No isospin partners of any of the other XY Z states have been reported.

3.2. Hybrids

The lattice QCD expectation for the mass of the lowest-lying charmonium hybrid is around 4.3 GeV and the relevant open-charm threshold is 4.29 GeV, the D^{∗∗}D̄ mass threshold, where D^{∗∗} denotes the lowest mass P -wave charmed meson with mass 2.42 GeV. Since the Y (4260) mass is near the LQCD value and below the D^{∗∗}D̄ mass threshold — which would explain its relatively strong decay rate to π^+π^−J/ψ as opposed to open charm states — a charmonium hybrid interpretation is attractive. However, the Y (4260) is broad and D^{∗∗}D̄ decays are accessible from its high mass side, but there is no sign of a lineshape distortion that might be expected when a dominant new decay channel opens up. Moreover, the Y (4350) & Y (4660) are both well above all D^{∗∗}D̄ thresholds and no open charm decays have been seen. So, while the hybrid interpretation might work for the Y (4260), it does not seem to apply to the other 1^{−−} ISR-produced states.

4. Evidence for XY Z-like states in the s- and b-quark sectors

An obvious question is whether or not there are counterpart states in the s- and bquark sectors. Recent results suggest that there are. In a BaBar study of the ISR process e^+e^− → γ_{ISR}π^+π^−ϕ, where the π^+π^− comes from f_0(980) → π^+π^−, a distinct π^+π^−ϕ mass peak is seen at 2175 MeV [41]. This peak was confirmed in an ISR measurement by Belle [42] (left panel of Fig. 4) and seen in J/ψ → ηf_0ϕ decays by BES [43]. Although a conventional ss̄ assignment cannot be ruled out [44], this state has properties similar to what one would expect for an s-quark sector counterpart of the Y (4260).

The Belle group recently reported measurements of the energy dependence of the e^+e^− → π^+π^−Υ(nS) (n = 1, 2 & 3) cross section around E_{cm} ∼ 10.9 GeV and found peaks in all three channels at 10.899 GeV (right panel of Fig. 4) [45]. The peak mass and width valuse are quite distinct from those of the nearby Υ(5S) bottomonium (bb̄) state, and the cross section values are more than two-orders-of-magnitude above expectations for a conventional bb̄ system. One interpretation for this peak is that it is a b-quark sector equivalent of the 1^{−−} Y states seen in the c-quark sector [46].

Fig. 4. Left: The M(f_0(980)ϕ)) distribution for e^+e^− → γ_{ISR}f_0ϕ. Right: the energy dependence of e^+e^− → π^+π^−Υ(nS) (n = 1, 2 & 3) near √ s = 10.9 GeV. In both cases the data are from Belle.

5. Summary

There is a growing body of evidence for a new type of hadron spectroscopy involving pairs of c-quarks that neither fits well to classic Quark Parton Model expectations nor QCD-motivated extensions. A recurring feature of these new state are large partial widths for decays to charmonium plus light hadrons. There is some evidence for similar structures in the s- and b-quark sectors.

6. Acknowledgments

I thank Professor Tserruya and the PANIC organizing committee for their gracious hospitality. I also thank Avraham Gal and my colleagues Haibo Li, Roman Mizuk, Chengping Shen and Bruce Yabsley for their assistance in the preparation of this manuscript.

References

[1] T. Nakano et al. (LEPS Collaboration), Phys. Rev. Lett. 91 (2003) 012002. [2] S.-K. Choi et al. (Belle Collaboration), Phys. Rev. Lett. 91 (2003) 262001. [3] B. Aubert et al. (BaBar Collaboration), Phys. Rev. Lett. 95 (2005) 142001. [4] K. Abe et al. (Belle Collaboration), Phys. Rev. Lett. 98 (2007) 082001. [5] The inclusion of charge conjugate states is always implied. [6] P. Pakhlov et al. (Belle Collaboration), Phys. Rev. Lett. 100 (2008) 202001. [7] S.-K. Choi et al. (Belle Collaboration), Phys. Rev. Lett. 94 (2005) 182002. [8] B. Aubert et al. (BaBar Collaboration), Phys. Rev. Lett. 101 (2008) 082001. [9] B. Aubert et al. (BaBar Collaboration), Phys. Rev. Lett. 98 (2007) 212001. [10] X.-L. Wang et al. (Belle Collaboration), Phys. Rev. Lett. 99 (2007) 142002. [11] S.-K. Choi et al. (Belle Collaboration), Phys. Rev. Lett. 100 (2008) 142001. [12] R. Mizuk et al. (Belle Collaboration), Phys. Rev. D 78 (2008) 072004.

[13] B. Aubert et al. (BaBar Collaboration), arXiv:0811.0564; W.M. Dunwoodie’s talk at this meeting. [14] Figure 1 is reproduced from page 310 of D. Asner et al., arXiv:0809.1869. [15] T. Barnes, S. Godfrey and E. S. Swanson, Phys. Rev. D 72 (2005) 054026. [16] M. Ablikim et al. (BES Collaboration), Phys. Lett. B660 (2008) 315. [17] S. Uehara et al. (Belle Collaboration) Phys. Rev. Lett. 96 (2006) 082003. [18] D. Abulencia et al. (CDF Collaboration), Phys. Rev. Lett. 98 (2007) 132002. [19] B. Aubert et al. (BaBar Collaboration), arXiv:0809.0042. [20] N. Zwahlen et al. (Belle Collaboration), arXiv:0810.0358. [21] S. Godfrey & S.L. Olsen, Ann. Rev. Nucl. & Part. Sci. 58, (2008) 51. [22] C.-Z. Yuan et al. (Belle Collaboration), Phys. Rev. Lett. 99 (2007) 182004. [23] B. Aubert et al. (BaBar Collaboration), arXiv:0808.1543; W.M. Dunwoodie’s talk at this meeting. [24] G. Pakhlova et al. (Belle Collaboration), Phys. Rev. D 77 (2008) 011103, Phys. Rev. Lett. 100 (2008) 062001 and Phys. Rev. Lett. 98 (2007) 092001.

[25] X.-L. Wang et al., Phys. Lett. B640 (2007) 182. [26] R. Chistov, talk at QWG-2008.

[27] M.B. Voloshin & L.B. Okun, JETP Lett. 23 (1976) 333; A. DeRujula, H. Georgi & S.L. Glashow, Phys. Rev. Lett. 38 (1976) 317; and N.A. Tornqvist, Z. Phys. C61 (1994) 525.

[28] L. Maiani, V. Riquer, V. Piccinini and A.D. Polosa, Phys. Rev. D 71 (2005) 014028. [29] K. Abe et al. (Belle Collaboration), arXiv:hep-ex/0505037. [30] N.A. Tornqvist Phys. Lett. B 590 (2004) 209. [31] E.S. Swanson Phys. Lett. B 588 (2004) 189. [32] M.B. Voloshin Phys. Rev. D 76 (2007) 014007. [33] E. Braaten & M. Lu, Phys. Rev. D 77 (2008) 014029.

[34] C. Hanhart, Y.S. Kalashnikova, A.E. Kudryavtsev & A.V. Nefediev, Phys. Rev. D 76 (2007) 034007. [35] D.V. Bugg, J. Phys. G 35 (2008) 075005.

[36] C. Meng & K.-T. Chao, Phys. Rev. D 75 (2007) 114002. [37] Ou Zhang, C. Meng & H.Q. Zheng, arXive:0901.1553. [38] I. Adachi et al. (Belle Collaboration), arXiv:0809.1224. [39] N. Soni et al. (Belle Collaboration), Phys. Lett. B634 (2006) 155. [40] B. Aubert et al. (BaBar Collaboration), Phys. Rev. D 71 (2007) 031501. [41] B. Aubert et al. (BaBar Collaboration), Phys. Rev. D 744 (2006) 091193. [42] I. Adachi et al. (Belle Collaboration), arXiv:0808.0008.

[43] M. Ablikim et al. (BES Collaboration), Phys. Rev. Lett. 100 (2008) 102003. [44] G.-J. Ding & M.-L. Yan Phys. Lett. B657 (2007) 49. [45] I. Adachi et al. (Belle Collaboration), arXiv:0808.2445. [46] W.S. Hou Phys. Rev. D 74 (2006) 017504.