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1. Introduction

In the quark model, mesons are the bound state of one quark and one anti-quark, while baryons
are composed of three quarks. Although no solid calculation shows hadronic states with other con-
figurations must exist in QCD, people believe hadrons with no quark (glueball), with excited gluon
(hybrid), or with more than three quarks (multi-quark state) exist. Since a proton and a neutron can
be bounded to form a deuteron, it is also believed that other mesons can also be bounded to form
molecules.

Itis a long history of searching for all these kinds of states, however, no solid conclusion was
reached until now on the existence of any one of them, except deuteron. In this talk, we show the
most recent progress in the experimental study of the light and heavy hadrons.

2. The state with exotic quantum number

States with exotic quantum numbers that quark and antiquark pair can not have give clear
evidence of the existence of nogrstates. So far, three candidates wiffy = 1-* were reported
but some of them suffer from controversial experimental information. A partial wave analysis of
2004 COMPASS datdl] from the diffractive dissociation of 190 GeX~ on a lead target into the
mrr mrt final state was performed. In addition to well-knoga states, a significant spin-exotic
wave withJP¢ = 1=+ decaying topris found. The mass and width at€60+ 1Ofg4 MeV and
269+ 21742 MeV, respectively. Its mass-dependent phase differences t#the 2= and 1+
waves are consistent with the highly debate@600 meson. There are 200 times more events in
COMPASS 2008 data, more results on light hadron spectroscopy are expected to come soon.

3. States inJ/y decays

With newly accumulated 106 Np(2S) and 226 MJ/y events, BESIII experimeng] con-
firmed the existence of the threshold enhancemerdt/ip — ypp final state, with mass agrees
with the BESII measurement, and the width less than 8 MeV at the 90% confidence level (C.L.).
In an analysis of thd /@ — yn’mt -, three resonances are observed. Xi#835 has a mass
of 1838+ 3 MeV, in good agreement with BESII result, and a widthl®&0+ 9 MeV, which is
larger than the BESII measurement. The two new structures are at 2124 MeV and 2371 MeV, with
widthes around 100 MeV. In thgrr" rr invariant mass recoiling against anin J/ decays,
besides the knowify (1285 andn (1405, a state al873+ 11 MeV with a width 0f82+ 19 MeV
is seen, it could be the hadronic production of ¥1@835 observed im’mr" ™ mode, although
the mass difference is large. The nature of these states is unknown, with the possibilities of being
the excited) or n’ states, the glueballs, thip molecular states, and so on.

4. Spin-singlet charmonium and bottomonium states

The P-wave charmonium spin-singlet stadtgis studied at BESIII with 106 My(2S) events
accumulated in 20093[ 4]. Clear signals are observed fgr(2S) — n°h, with and without
the subsequent radiative dechy— yn.. First measurements of the absolute branching ratios
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B(P(2S) — mOhe) = (8.4+1.3+1.0) x 10~* andB(he — ync) = (54.3+6.7+5.2)% are deter-
mined. A statistics limited determination of the previously unmeaskyeddth leads to an upper
limit ' (he) < 1.44 MeV at the 90% C.L. Measurements Mif(h;) = 352540+ 0.13+0.18 MeV
and B(Y' — mhe) x B(he — ync) = (4.5840.404 0.50) x 10~* are consistent with previous
results by CLEOC(T].

Both BaBar b] and Belle B] experiments found new decay modes of the radial excitation of
the Swave charmonium spin-singlet, thg(2S), and measured the mass and width of it. The new
decay modes alé K~ i®, KsK Tt m i +c.c., KYK=2(rrt i), and3(rrt 1), these add
to the previous known modésK rrandyy. The masses are measured t@6883+1.5+ 0.5 MeV
(BaBar) and36369+ 1.1+ 25+ 5.0 MeV (Belle), and the widths ar&4.2+ 4.4+ 25 MeV
(BaBar) and9.9+ 3.2+ 2.6+ 2.0 MeV (Belle). Together with the previous measuremeid]s [
we get the best estimation of the mass and width ofif{@S) to beM = 36380+ 1.4 MeV and
r=122+3.1MeV.

The bottomoniuns-wave spin-singlet), was observed ify(2S) and Y(3S) radiative transi-
tions by BaBar/§] and CLEO P] experiments. The transition rates are at a f8v* level and
the mass splitting from the spin-triplet&9.3+ 2.8 MeV. Most recent theoretical calculation gives
consistent result but with large uncertain§0.3 + 5.5(stat) + 3.8(sys) + 2.1(exp) MeV [10].

The calculation predicts the mass splitting of 8&states 0£3.5+-4.1+ 1.5+ 0.8 MeV, however,
the observation ofy,(2S) should be extremely hard due to the low energy of the radiative photon
from Y(2S) or Y{(3S) decays.

BaBar searched for tHe-wave bottomonium spin-singlag in Y(3S) — " m—hy andri®hy, [11).

No evidence was found it m—h, mode, andZ(Y(3S) — m"mhy) < 1 x 10~* was determined
at the 90% C.L. There is a faint evidence @) at 9903 MeV inY(3S) — 1i°hy, and the production
rate is determined to b&(Y(3S) — n’hy) = (3.1+£1.14+0.4) x 1074,

5. The charmoniumlike XY Z states

As the B-factories accumulate more and more data, lots of new states have been observed
in the final states with a charmonium and some light hadrons. All these states populate in the
charmonium mass region. They could be candidates for usual charmonium states, however, there
are also lots of strange properties shown from these states, these make them more like exotic states
rather than conventional charmonium state; [IL3].

5.1 TheX(3872)

The X(3872 was discovered by Belle in 20034] as a narrow peak in thatm J/y in-
variant mass distribution frolB — K" mJ/( decays. With the most precise measurement
of the mass oﬂ\/l)f(DgFgm = 387161+ 0.164+0.19 MeV [15] from CDF, we know the mass to
be 387156+ 0.22 MeV [7], which is very close to thé®*°D% mass thresholdmpy.o + My =
387178+0.29 MeV [7]. This suggests a binding energy 60.22+0.36 MeV if X(3872) is in-
terpreted as ®*°D0 molecule, to be compared with the binding energy-@2 MeV in deuteron
case.

The quantum number of th(3872) was found to be either ™ or 2. A study of therr" i

mass distribution16] and the observation of itgd/ decays/17, (18] indicate that theC-parity
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of the X(3872 is even, and the angular correlations among et J/ final state particles
constrains th@C for the X (3872 to be1™ or 2=+, with 17+ preferredL6]. Recently, the2—*
assignment was revived by BaBar’s analysis of#fier 7i° mass distribution int™ 77~ °J / final
state, wher@* is found to be slightly favored thah [19, 20).

BaBar reported 3o significance signals foX (3872 decays to bottyd/@ andyy(2S), and
the branching fraction of (3872 — yy(2S) is found to be larger than that ¥{3872 — yJ/y [18].
While at Belle R1], X(3872 — yJ/y@ was observed with similar production rate as measured by
BaBar, but noX(3872 — yy(2S) signal was observed, and(B™ — X (3872K ™) x #(X (3872 —
yw(29)) < 3.4 x 10°° at the 90% C.L. was determined, smaller than the BaBar's resy@ 5f-
2.7+0.6) x 1076 [18].

BaBar sets an upper limit of th€(3872 production rate in thd-meson decays by mea-
suring the momentum distribution of the inclusive kaon frBameson decays2P]: #(B~ —
K~X(3872) < 3.2 x 107* at the 90% C.L. Together with all the other measurements on the
product branching fractiong(B~ — K~X(3872) - (X (3872 — exclusive, one get2.3% <
B(X(3872 — mrm I/ |P) < 6.6%, 1.4x 1074 < Z(B~ — K~ X(3872) < 3.2x 1074, atthe 90%
C.L. We find that the decay width of th&(3872) to " it~ J/y is larger and the production rate of
the X(3872 in B decays is smaller than conventional charmonium states sugh g52S), and

Xet [7].

5.2 TheXY Zstates near 3.94 GeV

In 2005, Belle reported observations of three states with masses near 3940 M¥\384€),
seen as ®*D mass peak i"e” — J/@D*D annihilations 23]; the Y (3940, seen as awJ/y
mass peak il8 — KwJ/y [24]; and theZ(3930), seen as ®D mass peak ityy — DD [25]. The
Y (3940 andZ (3940 were confirmed by BaBar experime@g] 27].

TheY (3940 mass is well abov®D or D*D mass threshold, but was discovered via its decay
to the hidden charrwJ/y final state. This implies awJ/y partial width that is much larger than
expectations for usual charmonium. Recently, Ba38r20] reported a study oB — KwJ/ in
which thewJ/y invariant mass distribution shows clear evidence forXt@872 andY(3940.
However, the BaBar values for mass and width ofYi@940 are both lower than the correspond-
ing values reported by Belle and are more precide= 39191f§:§ + 2.0 MeV (BaBar) compared
103943+ 11+ 13 MeV (Belle), andl = 31tg°i 5 MeV (BaBar) compared t87+ 224+ 26 MeV
(Belle). Part of the difference might be attributable to the larger data sample used by BaBar
(426 fo* compared to Belle’s 253 fi), which enabled them to use small@d/(@ mass bins
as well as considering (3872 andY (3940 simultaneously in their analysis.

To add more information to the states in this mass region, Belle observed a dramatic and rather
narrow peakX (3915, in yy — wJ/Y [28] that is consistent with the mass and width reported for
the Y (3940 by the BaBar group. The resonance parameters oK{l8915 areM = 3914+ 4+
2 MeV andll = 284+ 12f§ MeV, with a statistical significance aflo.

Of these, only th&Z(3930) has been assigned t@3P, cc charmonium state, which is com-
monly called thexc2(2P). If not exotic states, th¥& (3940 could be a candidate fay:(3S) and the
Y (3940 (maybe the same as th&3915)) could bexco(2P).
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5.3 TheY (4140, Y(4280), and X (4350

Using exclusiveB™ — J/@@K™ decays, CDF Collaboration observed a narrow structure,
Y (4140, near thel/ @@ mass threshold with a statistical significance of3[29]. The analy-
sis is updated with more data and the signal significance is largerStharow [30]. The mass
and width of this structure are fitted to B&434"%5(stay + 0.6(sysh MeV and15.3"294(stap +
2.5(sysh MeV respectively. Furthermore, there is another narrow struct(#280), with a sig-
nificance of3.10 observed withVl = 427443%%(stay + 1.9(sysh MeV andl = 32.3" 21 3(stah +
7.6(sysh MeV. They are isospin singlet states with positveand G parities since the quantum
numbers of botld /@ andg arel©(J°¢) = 0~ (177). It was argued by the CDF Collaboration that
theY (4140 can not be a conventional charmonium state, because a charmonium state with mass
about 4143 MeV would dominantly decay into open charm pairs, and the branching fraction into
the double OZI forbidden modds ¢ or J/ Y w would be negligible.

The Belle Collaboration searched for this state using the same proce & ®itt 0° BB_pairs.

No significant signal was found, and the upper limit on the production®&" — Y (4140K™*,

Y (4140 — J/ @) is measured to bé x 1078 at the 90% C.L. Although this upper limit is lower
than the central value of the CDF measurent@nt+3.7) x 10-5, they do not contradict with each
other considering the large err@1].

Assuming they (4140 is aD:" Dz~ molecule with quantum numbéf® = 0+ or 2++, the
authors of Ref.132] predicted a two-photon partial width of th&4140) of the order of 1 keV,
which is large and can be tested with experimental data. The Belle Collaboration searched for
this state in two-photon proces33]. No Y (4140 signal is observed, and the upper limit on the
product of the two-photon decay width and branching fractiovi(@fL40 — @J/y is measured to
bel (Y (4140)%(Y (4140 — @J/ ) < 39eV for P = 0T, or < 5.7 eV for P = 2* at the 90%

C.L. The upper limit is lower than the predictions in R&2]. This disfavors the scenario of the
Y (4140 being aD*D:~ molecule withJ”¢ = 0*+ or 2*++,

Evidence is reported for a narrow structure&®5 GeV/c? in the ¢J/( mass spectrum in the
above two-photon proce3y — @J/y in Belle experiment33]. A signal of 8.8f‘3‘:§ events, with
statistical significance of greater than 3.2 standard deviations, is observed. The mass and natural
width of the structure (named a§4350) are measured to 4350625 (stap + 0.7(sysh MeV
and13.373%%(stay +4.1(sysh MeV, respectively. It is noted that the mass of this structure is well
consistent with the predicted values oé@ss tetraquark state witd”C = 2+ in Ref. [34] and a
DDE, molecular state in Ref3g].

5.4 TheY states inISR processes

The study of charmonium states via initial state radiati®R( at theB-factories has proven
to be very fruitful. In the process"e™ — yisgrt™ 1 J/y, the BaBar Collaboration observed the
Y (4260 [36]. This structure was also observed by the CLEZ] fand Belle Collaborations3g]
with the same technique; moreover, there is a broad structure near 4.008 GeV in the Belle data.
In a subsequent search for tfé4260) in theete™ — ysrrr™ T Y(2S) process, BaBar found a
structure at around 4.32 Gefg9], while the Belle Collaboration observed two resonant structures
at 4.36 GeV and 4.66 Ge'4()]. Recently, CLEO collected 13.2 pbof data at,/s= 4.26 GeV and
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investigated 16 decay modes with charmonium or light haditis The largeete™ — " J/y
cross section at this energy is confirmed.

Belle and BaBar have exploitdéRto make measurements of cross sections for exclusive
open-charm final states in this energy rardi& W3, 44, 45, 46,/47]. The exclusive channels that
have been measured so far nearly saturates the total inclusive cross section, but there is no evidence
for peaking near the masses of tfiestates. The one exceptionése™ — Al A;, which has a
threshold peak in the vicinity of thé(4660) peak mass44).

The cross sections of charm strange meson pair produdati(et € — DJDg ), o(efe” —

DJ*Dg +c.c.) ando(ete” — Dg*Dg*)) were measured by BaBa4d] and Belle 9] recently.
However, the data show no indication of any of ¥thetates, as in the non-strange charmed meson
pair final states.

The absence of any evidence for 184260 (Y (4360) decays to open charm implies that
the " J/Y (" m (29)) partial width is large: the analysis of Reb(] gives a 90% C.L.
lower limit I (Y (4260 — - J/y) > 508keV, which should be compared with the correspond-
ing rt - J/ partial widths of establisheti~ charmonium states: 201 keV for thjg2S) and
52.7 keV for they (3770 [7].

The nature of these states is unknown, and many possibilities have been prd#)sed [
cluding charmonium, molecule, hybrid, baryonium, and so on. There are also argument that these
structures are purely threshold effect or the final state interaction of the charmed meson pairs. More
experimental measurements and more theoretical calculations are badly needed to have a deeper
understanding of these structures.

5.5 Multiple solutions in fitting R-values B1]

In explaining theY states and the excitafl states, the leptonic partial widths provide very im-
portant information. As we know, the vector quarkonium states could be &tvare orD-wave
spin-triplet states, with th&wave states couple strongly to lepton pair while Evavave states
couple weakly since the latter are only proportional to the second derivative of the wave-function
at the origin squared, as expected in the potential models. This leads people to believe that the
(4040 is the3S charmonium statey(4160 the 2D state, andy(4415 the4Sstate. This has
been a well accepted picture for more than two decades before the discovery of the s¥-palled
ticles, namely, th&/ (4008), Y (4260, Y (4360, andY (4660. With seven states observed between
4.0 GeVEt? and 4.7 GeM#?, some people started to categorize some of these as non-conventional
quarkonium states, while others tried to accommodate all of them in modified potential models.
Many of the theoretical models use the leptonic partial widths of these states to distinguish them
betweers andD-wave assumption®PR, 53], and most of the time, the values on the leptonic par-
tial widths are cited from the PD@] directly. Although the resonance parameters of these excited
Y states have been measured by many experimental groups, all of them were obtained by fitting
the R-values measured in the relevant energy region. The most recent&glhestiich were from
a sophisticated fit to the most precRe&alues measured by the BES collaboratib§, 56|, are the
only source of the leptonic partial widths of these thgestates now quoted by the PD@ [

In fitting to the BES data, unlike the previous analyses, the BES collaboration considered the
interference between the three resonances decaying into the same final modes, and introduced a free
relative phase for the amplitude of each resonabdk [The new parametrization of the hadronic



Review on low and high mass spectroscopy Chang-Zheng Yuan

Table 1: Four groups of solutions for the data fitting. The four solutions have identical resonance masses
(M) and total widths[{;), but significant different leptonic partial widthEdg) and the relative phaseg)

Parameter (4040 (4160 (4415
M (MeV)  4034+6  4193t7 441215
e (MeV) 87+11 79+ 14 118+ 32
rY (kev) 066+022 0424016 045+0.13
oY (radian) O (fixed)  2.7+0.8 20+0.9
rd (kev) 0724024 073+018 060+0.25
¢ (radian) O (fixed)  3.1+0.7 14412
r® kev) 1.28+045 062+0.30 059+0.20
@ (radian) 0 (fixed) 3.7+0.4 38+0.8
r% (kev) 141+012 1104015 078+0.17
@“ (radian) O (fixed)  4.1+0.1 32403

cross section results in a pronounced increase of(dd.60 mass, and significant decrease of the
leptonic partial widths ofy(4160 andy(4415.

In a recent studydl], it is pointed out multiple solutions can be found in the fit to Ryealues,
resulting four sets of solutions for the leptonic partial widths of the exajtesthites. The fit results
are presented in Tablk there are four solutions found in the fit. It should be noted that the four
solutions have identica{?, masses, and total widths for the resonances, but different partial widths
to lepton pairs.

As thel ¢¢ Of the vector resonances are closely related to the nature of these states, the choice
among the distinctive solutions affects the classification of the charmonium and charmonium-like
states observed in this energy region. ™{@260 was proposed to be thg(4S) state and the
(4415 be @ (5S) in Refs. b2, 53], we can see that in this assignment, the calculated partial
widths of (4040 = @(3S) and (4415 = (5S) [53] agree well with the fourth solution listed
in Tablel.

Of course the possible mixing betwe&n and D-wave states will change significantly the
theoretical predictions of the partial widths of these stéé&€s fnd the QCD correction, which is
not well handled%7], may also change the theoretical predictions significantly. So far, we have no
concrete criteria to choose any one of the solutions as the physics one.

It should be noticed that if thé states are considered together with the exajiestates in fit-
ting theR-values, there could be even more solutions, the situation may become more complicated.
We also notice that the existence of the multiple solutions is due to the inclusion of a free phase
between two resonances, if these phases can be determined by other means (either theoretically or
experimentally), it will be very helpful to know which solution corresponds to the real physics.

6. Summary

In summary, there are lots of progress in low and high mass spectroscopy. A better under-
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standing of the charmonium and bottomonium spin-singlets is achieved, alttgugtstill not
observed. There are lots of new states, composed of either only light quarks or light and heavy
quarks, observed in experiments. Some of these states have very exotic properties, which may
suggest the long searching exotic states have been observed. However, due to limited statistics, the
experimental information on the properties of any of these states is not enough for us to draw solid
conclusion, let alone our poor knowledge on the QCD prediction of the properties of the exotic
states or the conventional mesons.

In the near future, BESIII experimerig] may accumulate more data for center of mass energy
between 3.0 and 4.6 GeV, this will contribute to the understanding of some of the states discussed
above; the Belle Il experimen®0] under construction, with about 50 abdata accumulated, will
surely improve our understanding of all these states. We also expect new results from hadron
colliders as well as fixed target experiments.
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