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3.4 Light Hadron Spectroscopy
Our knowledge of mesons and in parallel, our understanding of the strong interactions has undergone several major revisions. Mesons were first introduced by Yukawa[1] with pions acting as the exchange boson responsible for the strong interaction between nucleons. With the advent of higher energy accelerators, more and more mesons and baryons appeared and it was recognized that the hadrons of a given JPC can arrange themselves into representations of the SU(3) group. Zweig and Gell-Man[2] postulated that mesons and baryons were in fact composite objects with mesons made of a quark-antiquark and baryons made of three quarks. By taking this simple “naïve” quark model, the qualitative properties of hadrons were explained quite well. However, serious problems remained in the quark wavefunctions. For the spin 3/2 baryons, the constituent quarks’ spin and flavor wavefunctions were symmetric, in contradiction with expectations for fermions. This implies that either quarks obey some sort of different statistics or the ground state spatial wavefunction was asymmetric. To solve this problem, Greenberg[3] pointed out that quarks had another quantum number – color, which explained that quark wavefunctions could be asymmetrized. But still, there were considerable skepticisms about quark model due to the fact that the existence of quarks had never been observed. This situation had been changed until the discovery of J/( [4], which was interpreted as the bound state of a new heavy quark – charm. The quark model which incorporated the features of asymptotic freedom and confinement of quarks was able to reproduce the charmonium spectrum and describe the phenomenology of light quark spectroscopy rather well. All these developments in both experiments and theories are convincing enough that quarks were real objects and were the building blocks of hadronic matter. 

Hadron spectroscopy is an ideal laboratory for the study of the internal structure of mesons and baryons, and so for the study of the strong interaction. Many experiments have been dedicating to the study of the hadron spectroscopy. The hadronic peripheral production, K-p reaction by LASS, (-p experiments by E852, GAMS, VES, and the experiment at KEK provided many data on the light meson spectroscopy. The pp central production at CERN, 
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 annihilation at CERN and FNAL contributed much to the meson spectroscopy too. Crystal Ball, MARKIII, DM2, BES collaborations at e+e- storage rings and two photon collision experiments at CLEO and LEP have played and will continue to play an important role in the study of the hadronic spectroscopy. Most of the results of baryons and excited baryons came almost all from the old generation of (N experiments of more than 20 years ago. Considering its importance for the understanding of the baryon internal structure, a new generation of experiments on u-d quark N* baryons with electromagnetic probes (real photon and space-like virtual photon) has recently been started at new facilities such as Jefferson Lab, ELSA at Bonn, GRAAL at Grenoble and SPRING8 at KEK.

Our present understanding of the strong interactions is based on a non-Abelian gauge field theory, Quantum Chromodynamics (QCD) [5], which describes the interactions of quarks and gluons and thus predicts the existence of other types of hadrons with explicit gluonic degrees of freedom ( glueballs and hybrids. Therefore, the observation of glueballs and hybrids is, to certain extent, a direct test of QCD, and the study on the hadron spectroscopy, as well as the glueball and hybrid spectroscopy will be a good laboratory for the study of the strong interactions in the strongly coupled non-perturbative regime.
3.4.1 Study of the Meson Spectroscopy
As an example, Fig. 3.4-1 and Fig. 3.4-2[6] show the comparison of Quark Model predictions with the experimental strange, charm and beauty meson spectra. The solid lines are the quark model predictions and the shaded regions are the experimental measurements with the bar widths representing the experimental uncertainty. One can see clearly that, for most part, the observed hadron properties are consistent with the predictions of the quark model. However, discrepancies between the experiments and the quark model exist, which may suggest interesting physics.
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Fig.3.4-2 Comparison of Quark Model predictions with the 
experimental strange meson spectrum
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Fig. 3.4-1 Comparison of Quark Model predictions 
with the charm and beauty spectra

The quark model can predict well the light meson spectrum and their decays, while disagreements still exist. Among them, some can be ascribed to be the natural limitation of the model when compared to the inherent complexity of QCD, but some may indeed point to the fundamental degrees of freedom needed to fully describe the hadron structure. Here, some of these disagreements are listed.

1. With a rather complete picture of the low mass 
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 states, it is becoming increasingly clear that some states have no place to be filled in 
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 sector. For example the low mass 0++ states have been confusing for many years and it turns out to be that there are too many 0++, such as f0(1370), f0(1500), f0(1710) … 
2. Two ground-state isoscalar 1++ states occur at 1240 and 1480 MeV in the quark model and are filled in by f1(1280) and f1’(1530), thus the f1(1420) clearly appears as an extra state. 

3. Extra 2++ states are observed. 

4. There is a long time argument about whether 0++ f0(980) and a0(980) are 
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 molecular state or not. 

5. Possible existence of the states with exotic quantum numbers

These states point to a need for a better understanding of the hadronic structure, perhaps by studying the relation between the 
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 meson properties and experimental observations or by enlarging the quarkonium picture to include gluonic degrees of freedom and multiquark states. So, more experimental information is needed for the understanding of meson spectroscopy.

3.4.2 Study of the Baryon Spectroscopy

The understanding of the internal quark-gluon structure of baryons is one of the most important tasks in both particle and nuclear physics. From theoretical point of view, since baryons represent the simplest system in which the three colors of QCD neutralize into colorless objects and the essential non-Abelian character of QCD is manifested, the systematic study of various baryon spectroscopy will provide us with critical insights into the nature of QCD in the confinement domain. The main source of information for the baryon internal structure is their mass spectra, production and decay rates. In recent years, Jefferson Lab in US, ELSA at Bonn, GRAAL at Grenoble and SPRING8 in Japan have started to study the baryon and excited baryon states. BES also studied N* production from 
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 deca ys using 7.8M 
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 data at BESI [7]. However, the available experimental information is still poor, especially for the excited baryon states with two strange quarks, e.g., (*. Some phenomenological QCD-inspired models predict more than 30 such kinds of baryons, however only two are experimentally well settled.
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Fig. 3.4-3 Feynman diagram for 
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from e+e- collision through 
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 decays provide us a good place for studying excited nucleon N* and excited hyperons, such as (*, (* and (*. The Feynman diagram for 
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 is shown in Fig.3.4-3.

Since 
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 decays through three gluons and that of gluons are flavor blind, the strange s quarks are produced at the same level as the non-strange u-d quarks. Therefore, 
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 should be produced at similar branching ratios.

In fact, the Feynman graph in Fig.3.4-3 is almost identical to those describing the N* electro-production process when the direction of the time axis is rotated by 90(. The only difference is that the virtual photon here is time-like instead of space-like and it couples to NN* through a real vector charmonium meson 
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. So, all the N* decay channels which are presently under investigation in Jefferson Lab, ELSA, GRAAL at and SPRING8 with real photon or space-like virtual photon can also be studied at BES complementally with the time-like virtual photon. In addition, for 
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 systems are limited to be pure isospin 1/2 due to isospin conservation. This is a big advantage in studying N* resonances from J/( decays, compared with 
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experiments which suffer from the difficulty in the decomposition of isospin 1/2 and 3/2.

On theoretical side, the coupling of 
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 provides a new way to probe the internal quark-gluon structure of the N* resonances. In the simple three-quark picture of baryons, as shown in Fig.3.4-3, three quark-antiquark pairs are created independently via a symmetric three-gluon intermediate state with no extra interaction other than the recombination process in the final state to form baryons. This is quite different from the mechanism underlying the N* production from the  
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 process where the photon couples to only one quark and asymmetric configuration of quarks is favored. Therefore the processes 
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 should probe different aspects of the quark distributions inside baryons. Since J/( decay is a glue-rich process, it is also a very good place to hunt for hybrid baryons.

In Table 3.4-1, we listed some interesting 
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 decay branching ratios, these channels are relatively easy to be reconstructed at BES. For example, for 
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, then from recoiling mass spectrum of 
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, one can easily identify the very narrow 
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. For the three-body channels listed in Table 3.4-1, 
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and NK. With the channels including 
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 to search for “missing” excited nucleon states.

Table 3.4-1 Some interesting 
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	 Br(10-3) 
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	1.1(0.1
	0.9(0.2
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3.4.3 Glueball Search

After more than 20 years of theoretical effort, it has not yet been possible to calculate the glueball or hybrid spectrum from first principles, since Perturtative QCD cannot be applied at the hadron mass scale. Therefore, many QCD-based phenomenological models and calculations, such as bag models[8], flux-tube models[9], QCD sum rules[10] and lattice QCD[11] are developed to make predictions to the properties of glueballs and hybrids. Of them, lattice QCD is considered as more relevant since it originated from QCD, though it is very CPU time consuming and only numerical results can be obtained without any corresponding physical insight. 
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Fig. 3.4-4 The mass of glueball states from LQCD calculations[11]. 

The scale is set by r0 with 1/r0=412(20) MeV.

Lattice QCD predictions for glueball masses in the quenched approximation, which neglects internal quark loops, are shown in Fig. 3.4-4. The lightest glueball is found to be 0++ with the mass from 1.5 GeV – 1.7 GeV, and the next lightest is 2++ with the mass around 2.24 GeV, from different groups’ calculations. Naively, one can also expect that glueballs have the following signatures:

· no place in 
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· enhanced production in gluon rich processes such as 
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 radiative decays and 
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· decay branching fractions incompatible with SU(3) predictions for
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states

· reduced (( couplings

However, the glueball may mix with an ordinary 
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 meson that has the similar mass and the same quantum numbers, and thus it makes the identification of a glueball more complicated. Even so, there are some candidates of glueballs, such as f0(1500), f0(1710), ((2230), etc.
a. Experimental Status of Some Glueball Candidates

· f0(1500)

The f0(1500) was observed in many experiments, such as pion induced reaction (-p, 
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 annihilation[12,13], central 
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collisions [14,15] and J/( radiative decays[16,17] . Most of the data on f0(1500) was from Crystal Barrel collaboration, who resolved two scalar states in this mass region, and determined its decay branching ratios to a number of final states, including (0(0, ((, ((', KLKL and 4(0, using 
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 annihilation at rest. It is also observed that in glueball suppressed processes of (( collision to KsKs and (+(-, f0(1500) is absent. All of these favor f0(1500) being a non-
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state. If f0(1500) is a scalar glueball, it should be copiously produced in 
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 radiative decays. However, f0(1500) was only observed in 
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 ( ((+(-(+(- from MARKIII and BES 
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 data. Therefore, searching for more decay modes of f0(1500), such as ((, ((, ((' etc. and studying its spin-parity are important in determining the nature of f0(1500). 

· f0(1710)

The f0(1710) is a main competitor of f0(1500) for being the lightest 0++ glueball candidate due to its large production rate in gluon rich processes, such as 
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 radiative decays, pp central production etc., and the predictions of lattice QCD. Table 3.4-2 lists the results of f0(1710) from different experiments. Apparently, different experiments gave different masses, widths and spin-parities. 

The spin-parity of f0(1710) in the observed processes is crucial in determining whether f0(1710) is a 
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 state. If J=0, then the fJ(1710) and f0(1500) might well represent the glueball and the 
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 state, or more likely each is a mixture of both. However, if J=2, it will be difficult to assign a glueball status to fJ(1710), since that would be at odds with all current lattice gauge calculations. Based on the present BESII 5.8(107 
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 data, the partial wave analyses are performed to 
[image: image88.wmf]y

/

J

((
[image: image89.wmf]K

K

 and ((+(- and the preliminary results show a dominant 0++ component in 1.7 GeV mass region for both channels. However, the analysis is limited by statistics and the absence of other channels, such as 
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Table 3.4-2 History of f0 (1710)

	Process
	Collaboration
	M (MeV)
	Γ(MeV)
	JPC
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	MARKIII (91)
	
[image: image123.wmf]20

1710

±


	
[image: image124.wmf]30

186

±


	
[image: image125.wmf]+

+

0



	
[image: image126.wmf]hh

p

0

®

p

p


	E760 (93)
	
[image: image127.wmf]10

1748

±


	
[image: image128.wmf]25

264

±


	
[image: image129.wmf]+

+

)

(

even



	
[image: image130.wmf]p

g

y

4

/

®

J


	MARKIII data
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	MARKIII data
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· ((2230)

The ((2230) was first observed by the MARKIII collaboration in 
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[18]. Later, GAMS[19] reported a narrow structure at 2220 MeV/c2 decaying into ((' in the reaction (-p ( (('n interactions at 38 GeV and 100 GeV. With 7.8(106 J/( events, BES[20] observed ((2230) in 
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 channels but null signal in the later 5.8(107 J/( data sample ((2230) was also not seen in the inclusive ( spectrum by Crystal Ball collaboration and 
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 annihilation in flight at CERN. In addition, stringent limits have been placed on the two-photon coupling of the ( (2230) by the CLEO collaboration in the reactions (( ( KsKs[21] and (( ( (+(- [22]. 

If we combine CERN 
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 ((() ( (2.3 ( 1.7)(10-3. However, no ((2230) was observed in the inclusive ( spectrum by Crystal Ball collaboration. One possibility is the branching ratio to 
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 being over estimated, and another possibility is that we haven't found more decay modes or the main decay modes of ((2230). It is also possible that ((2230) doesn’t exist. 

According to some theoretical predictions, ((2230) can be strongly coupled to ((', ('(', provided it exists and is a glueball. In this case the final states of these channels have multi-prong and multi-photon. So, high statistics, good particle identification and good photon energy resolution are required to analyze these decays. On the other hand, the study of the inclusive ( spectrum directly becomes possible with a good photon energy resolution.

b. Glueball Search at BESIII/BEPCII

With the double-ring design, the luminosity of BEPCII will reach 1033. Therefore, a large 
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 event sample, e.g. 6(109 can be obtained in one year. On the other hand, BESII will be upgraded to BESIII. With a better particle identification, a much improved photon detection capability and a good charged tracks’ momentum resolution, BESIII is able to study final states of all-neutral or multi-photon and multi-charged tracks.

As an example, we study 
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Fig. 3.4-5 shows the expected ((’ invariant mass spectrum of 6(109  
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 ((((’, ((((, (’(((0 events passing through BESIII detector. In addition to ((2230), the possible f0(1500), X(1910) and X(2150) according to other experiments, as well as the background, are included in the simulation. ((2230) can be clearly seen here. The results of each resonance from Breit-wigner fit are shown in Table 3.4-3.
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        Fig. 3.4-5 ((’ invariant mass spectrum at B=1.0T

	Table 3.4-3 The results of Breit-wigner fit
Input

Output (B=1.0T)

X(1910)

M(MeV)

((MeV)

Br((10-6)

1910.00

150.00

7.20

1909.40(2.40

153.89(8.67

7.47(0.30

X(2150)

M(MeV)

((MeV)

Br((10-6)

2150.00

157.00

3.60

2152.20(9.90

167.13(21.00

3.66(0.33

((2230)

M(MeV)

((MeV)

Br((10-6)

2230.00

25.00

3.0

2231.20(1.05

30.18(4.54
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3.4.4 Hunting for Hybrid States at BESIII/BEPCII

Hybrid mesons are color-singlet mixture of constituent quarks and gluons, such as 
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 bound states. The evidence of the existence of the hybrid mesons is also a direct proof of the existence of the gluonic degree of freedom and the validity of the QCD theory. The conventional wisdom is that it would be more fruitful to search for low mass hybrid mesons with exotic quantum numbers than to search for glueballs. Hybrids have the additional attraction that, unlike glueballs, they span complete flavour nonets and hence provide many possibilities for experimental detection. In addition, the lightest hybrid multiplet includes at least one JPC exotics. 

In searching for hybrids, there are two ways to distinguish them from conventional states. One approach is to look for an access of observed states over the number predicted by the quark model. The drawback to this method is that it depends on a good understanding of hadron spectroscopy in a mass region that is still rather murky. The experimental situation is not well settled that the phenomenological models have yet to be tested to the extent that a given state can be reliably ruled out as a conventional meson. The situation is further muddied by expected mixing between conventional 
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 states and hybrids with the same JPC quantum numbers. The other approach is to search for the states with quantum numbers that cannot be accommodated in the quark model. The discovery of exotic quantum numbers would be definitely evidence of something new. 

According to Quantum Field Theory, the JPC of the ordinary 
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 mesons cannot be: 0+-, 0--, 1-+, 2+-, 3-+ ……These numbers are called exotic quantum numbers. The hybrid state with the exotic quantum numbers is called exotic meson or exotic state. Exotic mesons cannot be ordinary 
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 states, so they must be hybrids, glueballs or multiquark states. 

From the theoretical estimation, we know that: ((
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 ( MG), where M stands for ordinary 
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 meson, G stands for glueball and H stands for hybrid. It means that the process of 
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 hadronic decays to hybrid states will have relatively large branching ratios. So the 
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 hadronic decay is an ideal place to study hybrid states and to search for exotic states.

Table 3.4-4 Experimental search for 1-+ in (( final states
	Exps
	Lab
	Reaction
	Pbeam(GeV/c)
	Year

	ICE
	IHEP
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	CERN
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	E852
	BNL
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Some experiments have been working on the search of the hybrid states with the exotic quantum number 1-+. All the experiments, listed in Table 3.4-4, observed a clear forward-backward asymmetry and each of them, except NICE, suggested or claimed the evidence of an exotic JPC=1-+ resonance 
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(1400). Of them, VES and E852 gave consistent results. In Crystal Barrels results on 
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, the Dalitz plot is dominated by 
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, and there is a clear 
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 P-wave which interferes with it. The fit to the Dalitz plot is improved when 
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(1400) is included and the mass and width of 
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 are quite consistent with those from E852 experiment. E852 also found the evidence of another 1-+ exotic 
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(1600)[30], decaying to 
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, in 
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 reaction, with the mass and width being 1593(8 MeV/c2 and 168(20 MeV/c2. Tentative evidence was put forward by the VES collaboration in 
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 process. VES saw a broad but resonant P+ wave near this mass, however, the phase motion is not distinctive. 

At BESIII/BEPCII, the decay of 
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 ( ((( can be studied to search for 1-+ exotic state. As an example, 6(109 
[image: image199.wmf]y
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 ( (((0 Monte Carlo events are generated to pass through BESIII detector. In the simulation, the possible a2(1320), 1-+ X(1390), a0(980) and 1-+ X(2300), as well as background are considered. A partial wave analysis (PWA) is performed to analyze this channel. Fig.3.4-7 shows the invariant mass spectrum of ((0.  In Fig.3.4-8, the contribution of a2(1320) and the scan results of its mass and width are plotted. The minimum of the scan curve stands for the mass or width of this resonance. The 1-+ X(1390) component is shown in Fig. 3.4-9. From this Monte Carlo study, we know that the angular distributions of a2(1320) and 1-+ X(1390) are very different due to their different spin-parities, even though the masses are in the same region. Partial wave analysis is able to separate components which have different spin-parities but at the same mass, when the statistics is enough and the resolution of the spectrum is good. With a large statistics, it is also possible to measure the phase motion of P-wave and so to give a more convincing evidence for the existence of a resonance. 
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Fig.3.4-7 the invariant mass spectrum of ((0
Some phenomenological models predict that the dominant decay channels of exotic mesons are (b1(1235) and (f1(1285). The dominant decay channel of b1 is (( and the dominant decay channels of f1 are ((( and 4(. So, it seems that these exotic states should appear in the invariant mass spectrum of 5( or (3(. If these exotic states are produced through J/(((X, then we had to study the following decay channels: 
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 ( (X,  X ((((; J/( ( (X,  X (5(; J/( ( (X,  X ((3(. In addition, we can study iso-scalar exotic mesons through the following channels: 
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Since there are lots of neutral and charged tracks in each channel, a large coverage of solid angle is necessary to preserve a high event selection efficiency. Good energy resolution for neutral and charged tracks is also required to accurately measure the mass and width of these exotic states. 
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Fig. 3.4-8 The contribution of a2(1320) and the scan results of its mass and width
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Fig. 3.4-9 The contribution of 1-+ X(1390) and the scan results of its mass and width
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