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1. Introduction

During the past fourteen years many charmoniumlike and bottomoniumlike states, the so-
called “XYZ" particles, have been reported in experiments by studying of B decays, initial state
radiation, double charmonium production, bottomonia decays, two-photon process, etc [[]. Most
of them cannot be described well by quarkonium potential models and may be the good candidates
of exotic states [MII, O, B]. Their unusual properties have stimulated considerable theoretical inter-
est and various interpretations have been proposed, including tetraquarks, molecules, hybrids, or
hadrocharmonia [M, B, B]. To distinguish among these explanations, more experimental information
is needed, such as additional production processes and/or more decay modes for these states.

2. The X states

Fourteen years ago, the Belle Collaboration discovered the first XYZ state, the X (3872) [H] in
Bt — X(3872)(— J/wrntx)K". Now we know precisely its mass (3871.69+0.17) MeV /c? [B],
have a stringent limit on its width (less than 1.2 MeV at 90% confidence level) [d] and have a
definitive J7C assignment of 17+ [B]. The observation of the X(3872) revealed that the me-
son spectroscopy is far more complicated than the naive expectation of the quark model. Lat-
er the X(3872) has been observed to decay to several other final states: J/yy [B], y'y [[],
J/yrt 70 [I] and D°D* [, [3]. Also it has been observed in the decay B® — X (3872)K* 7~
(X(3872) — J/wrt ™) by Belle, where B® — X (3872)K*(892)° is not dominant [[[], and in the
process e e~ — yX(3872) for the first time with a statistical significance of 6.36 by BESIII using
data samples at center-of-mass energies from 4.009 to 4.420 GeV [[T].

Considerable efforts by both experimentalists and theorists have been invested to clarify its
nature. The proximity of its mass to the D°-D*" threshold, along with its measured partial decay
rates, suggests that it be a loosely bound “molecule” of D° and D** mesons [[[A] or an admixture
of D’D*? with a charmonium (c¢) state [[, [A]. Some authors have advanced a QCD-tetraquark
interpretation for the X (3872), and predict the existence of charged- and C-odd partner states that
are nearby in mass [[8]. Experimental searches for charged- [[@, ] and C-odd [P0, D] partners
report negative results. However, since these searches are restricted to states with narrow total
widths, the published limits may not apply if the partner states access more decay channels and are
thus broader.

More experimental information on the production and decays of the X(3872) will shed ad-
ditional light on its nature. It is therefore natural to search for a similar state with JF€ = 17+
(called Xp) in the bottomonium system [Z2, P3]. The search for X, supplies important informa-
tion about the discrimination of a compact multiquark configuration and a loosely bound hadronic
molecule configuration for the X (3872). The existence of the X}, is predicted in both the tetraquark
model [P4] and those involving a molecular interpretation [3, P8, 7). The CMS Collaboration
reported a null search for such a state in the 777~ Y(1S) final state [Z8]. Using the 118 fb~! Y(55)
data sample collected with Belle, the process eTe™ — yX;, — yoY(1S) — ynt a7l ¢~ ((=e
or u) is used to search for the X;, [Z9]. Figure [ shows the @Y (1S) invariant mass distribution with
the requirement of M (" £~ 7°) within the @ signal region. The dots with error bars are from data,
where there is a structure at around 10.42 GeV/c%. With the detailed studies, the structure is from
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the contribution of ete™ — wy,; (J =0, 1, 2) as compared with the solid histogram from MC
simulations. The shaded histogram is from the normalized @ mass sideband. So no obvious X}
signal is observed and the upper limit on the yield of the X, signal events is 4.0 at 90% C.L. The
dashed histogram in Fig. [ shows the upper limit on the yield of X, signal events.
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Figure 1: The @Y (1S) invariant mass distribution. The dots with error bars are from data, the solid histogram
is from the normalized contribution of ete™ — @y, (J =0, 1, 2) from MC simulation and the shaded
histogram is from normalized ® mass sideband events. The dashed histogram is from the MC signal sample
ete™ = yX, = yoY(1S) — ynt 7% ¢~ at /s = 10.867 GeV with X;, mass fixed at 10.6 GeV/c? and
yield fixed at the upper limit at 90% C.L.

In 2008 the CDF claimed a 3.80 evidence for a near-threshold X (4140) — J/y¢ in Bt —
J/woK™" decays with ' = 11.7 MeV [BO]. Much larger widths are expected for charmonium states
at this mass because of open flavor decay channels, which makes the observation of the X (4140)
received wide interest. It has been suggested that the X (4140) structure could be a molecular state,
a tetraquark state, a hybrid state or a rescattering effect. However, with much larger data sample
LHCb did not see evidence for the narrow X (4140) peak in the same B decays [B1l]. Searches for the
X (4140) did not confirm its presence in analyses performed by the Belle [B2, B3] (unpublished) and
BaBar [B4] experiments. Even so, the X (4140) was observed by CMS with a 5o significance [E3].
Evidence for it was also reported by DO (30) [B8]. The DO Collaboration claimed in addition a
significant signal for prompt X (4140) production in pp collisions [BZ]. The BESIII Collaboration
did not find evidence for X(4140) — J/y¢ in eTe™ — yX(4140) [BR].

In an updated analysis, the CDF Collaboration presented 3.10 evidence for a second relatively
narrow J/y¢ peak near 4274 MeV/c? [B9]. A second J/w¢ mass peak was observed by the CMS
Collaboration at a mass higher by 3.2¢ [B3]. To confirm the X(4140), Belle did a two-photon
analysis yy — J/y¢ [EQ]. Instead of observation of the X (4140), Belle saw 3.20 evidence for a
narrow J/y¢ peak at 4350.6 fg‘:? +0.7 MeV/c? [E]. In view of the complicated structures and
confusing experimental situation concerning J/w¢ system, LHCb did a full amplitude analysis
of Bt — K*¢J/y [E]. Figure @ shows the J/y¢ invariant mass distribution for the selected
signal candidates, where four J/y¢ structures, X (4140), X (4274), X(4500) and X (4700), are
needed [ET]. So the structures in the J/w¢ mass spectrum seem very rich, which needs to be
revisited to confirm or deny the existence of these X states at Bellell experiment in the near future.

The X (3915) was observed by the Belle in B — J/y®K decays [B2] with original name of
Y (3940). Subsequently, it was also observed by the BaBar in the same B decay mode [[, B3] and
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Figure 2: Distribution of J/y¢ invariant mass (black data points) compared with the results of the full
amplitude fit containing X (4140), X (4274), X (4500) and X (4700) contributions. The total fit is given by
the red points with error bars. Individual fit components are also shown.

by both Belle [Ed] and BaBar [EF] in the process Yy — X(3915) — J/y®. The quantum numbers
of the X(3915) were measured to be J7© = 0"+, As a result, the X(3915) was identified as the
Xc0(2P) in the 2014 PDG tables. However, this assignment has some problems. For some reasons,
please see Ref. [EB]. As a result of these considerations, the X (3915) is no longer identified as the
Xc0(2P) in the 2016 PDG tables. The nature of the X (3915) is still unknown.

A unique process that is suitable for a search for the x.o(2P) and other charmonium states
with positive C-parity is double-charmonium production in association with the J /. The X (3940)
state was observed by Belle in the inclusive ee™ — J/wX spectrum and in the process e*e™ —
J/wD*D [E1, B8], and the X (4160) was observed in the process ete™ — J/wyD*D* [ER].

Very recently, Belle performed a full amplitude analysis of the process e* e~ — J/wDD (D=D"
or D) based on the 980 fb~! data sample [E9]. A new charmoniumlike state X*(3860) that de-
cays to DD is observed with a significance of 6.50. Its mass is (3862’:%3’:?(3)) MeV/c? and width
is (2017.5*L88) MeV. The JPC = 0** hypothesis is favored over the 2+ hypothesis at the level
of 2.50. The measured X*(3860) mass is close to potential model expectations for the x.o(2P)
so it is a better candidate for the y.o(2P) charmonium state than the X (3915). Figure B shows the
projection of the signal fit results onto M. The points with error bars are the data, the hatched
histogram is the background, the blue solid line is the fit with a new X* resonance (J*¢ = 0**) and
the red dashed line is the fit with nonresonant amplitude only.

3. TheY states

Among the new XY Z states, there are many vector states with quantum numbers J*¢ = 17—
that are usually called Y states, like the Y (4260) [B0], the Y (4360) [ED], and the Y (4660) [E2].
The Y -states show strong coupling to hidden-charm final states in contrast to the vector charmo-
nium states in the same energy region (y(4040), w(4160), y(4415)) which couples dominantly
to open-charm meson pairs. These Y states are good candidates for new types of exotic parti-
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Figure 3: Projection of the signal fit results onto Mp;. The points with error bars are the data, the hatched
histogram is the background, the blue solid line is the fit with a new X* resonance (J7¢ = 07*) and the red
dashed line is the fit with nonresonant amplitude only.

cles and stimulated many theoretical interpretations, including tetraquarks, molecules, hybrids, or
hadrocharmonia [].

In 2013, BESIII reported the cross section measurement of ete™ — 77w~ h, at 13 center-of-
mass (c.m.) energies from 3.9 to 4.2 GeV and found a resonant structure at around 4.22 GeV/c? [E3].
A combined fit to the BESIII data together with the CLEO-c measurement at 4.17 GeV [B4]
results in a resonant structure, ¥ (4220), with a mass of (42164 18) MeV/c? and a width of
(39+£32) MeV B3], different from any of the known Y and excited y states in this mass region [B].

In 2014, BESIII reported the cross section measurement of ete™ — @YX at 9 c.m. energies
from 4.21 to 4.42 GeV. By assuming the ®},o signals come from a single resonance, BESIII
reported a resonant structure with the mass and width of (4230 =8 +6) MeV/c? and (38 £ 12+
2) MeV, respectively, and the statistical significance is more than 9o [B8]. This structure is in good
agreement with the Y (4220) observed in e"e™ — 7~ h, [E3], and combined fits assuming the
structures at 4.22 GeV/c? are the same have been tried by the authors of Refs. [B4, BH].

BESIII updated the measurements with higher energy data up to 4.6 GeV included, in both
ete” — wtr h. [EQ] and wyx.o [BO] processes. While the structure in @y mode was affected
only slightly with the new measurements at high energies [B0], in the e"e™ — a7 7~ h, mode, the
Y (4220) was observed with improved significance together with a new structure, the ¥ (4390). The
resonant parameters are M = (4218.4 £4.040.9) MeV/c? and T" = (66.0 £9.0 4+ 0.4) MeV for
the Y (4220), and M = (4391.6 6.3+ 1.0) MeV/c? and T = (139.5 4 16.1 +0.6) MeV for the
Y (4390) [BY]. The updated cross sections of e"e™ — @Yo and 7" T~ h, are shown in Fig. @.

The process ete™ — ntw~J/y at c.m. energies up to 5.0 GeV was first studied by BaBar,
where the Y (4260) was observed [B0]. Belle measured the cross sections of eTe™ — w77~ J/y at
c.m. energies between 3.8 and 5.0 GeV and reported that ¥ (4260) alone cannot describe the line
shape satisfactorily [BIl]. Improved measurements with both BaBar [BJ] and Belle [B3] full data
samples confirmed the existence of non-Y (4260) component in e"e~ — w7~ J/y but the line
shape was parametrized with different models. Recently, BESIII reported a precise measurement
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of ete™ — ™ J/y cross sections at c.m. energies from 3.77 to 4.60 GeV shown in Fig. B using
a9 fb~! data sample [B4]. While the nature of the events at around 4 GeV is still ambiguous, the
dominant resonant structure, the so called Y (4260), was found to have a mass of (4222.0+3.1+
1.4) MeV/c? and a width of (44.14+4.3+2.0) MeV, in good agreement with the ¥ (4220) observed
in ete™ — nwtn h. [E@]. In addition, a new resonance with a mass of around 4.32 GeV/c? is
needed to describe the high precision data.

BESIII also reported a measurement of the e~ — D’D*~ ™ + c.c. cross sections at c.m.
energies from 4.05 to 4.60 GeV, which is a significant improvement over the previous measure-
ment at Belle [B3]. Two resonant structures in good agreement with the ¥ (4220) and Y (4390)
observed in &t~ h, [BY] are identified over a smoothly increasing non-resonant term which can
be parametrized with a three-body phase space amplitude. The cross sections of D°D*~ 7t 4 c.c.
are also shown in Fig. @.

Considering the above features, i.e., there is a common structure at around 4.22 GeV/c?, the
authors in Ref. [BA] performed a combined fit to the cross sections of ete™ — WX, Tt he,
ntn~J/y, and D’D*~ " + c.c. by applying constraints to the resonant parameters. The results
of the combined fit are shown in Fig. B, where the solid curves are the projections from the best
fit and the dashed curves show the fitted resonance components from different solutions indicated
in the top right corner in each plot. A mass M = (4219.6 =3.345.1) MeV/c? and a total width
I'=(56.0£3.6+£6.9) MeV for the Y (4220) are obtained. Also the lower limit of its leptonic decay
width is determined to be around 30 eV, which is close to the prediction from LQCD for a hybrid
vector charmonium state for the Y (4220) [E2].

4. The Z states

After the charged charmoniumlike state Z.(3900) was observed by BESIII and Belle experi-
ments [B3, BR], BESIII and Belle have observed a series of charged Z,. states including Z.(4020) [B3],
Z.(4200) [BY], Z.(3885) [M], and Z.(4050) [[O]. These states seem to indicate that a new class of
hadrons has been observed. As there are at least four quarks within these Z, states, they have been
interpreted either as tetraquark states, molecular states, or other configurations.

To determine the spin and parity of the Z.(3900), BESIII recently performed a partial wave
analysis of the process e*e™ — 7 7~J/y using a data sample of 1.92 fb’! accumulated at /s =4.23
and 4.26 GeV [@]. The J¥ = 17 for the Z.(3900) are determined with a statistical signifi-
cance larger than 70 over other quantum numbers. The Z.(3900) mass is measured to be M =
(3901.5+2.7 4 38.0) MeV/c? in the parametrization of a Flatté-like formula.

Belle observed two charged bottomoniumlike resonances Z,(10610) and Z,(10650) inete™ —
Y(nS)ttn~ (n=1,2,3)and ete™ — hy(mP)x"n~ (m = 1,2) [I3, [A]. Popular opinions regarded
the Z,(10610) and Z,(10650) states might be loosely bound BB* and B*B* systems, respective-
ly. To confirm this, Belle reconstructed three-body B™*)B*)r combinations using a data sample of
121.4fb~ ! at Y(5S) resonance [[3], where the set of BB~ and B~ Bzt final states is referred to
as BB7; the set of BT B 71—, B-B* 92+, B°B*~n+ and B°B** 11~ final states is referred to as BB*T;
and the set of B** B0z~ and B*"B*On™ final states is denoted as B*B*xm. In the missing mass
distribution of B7, peaks corresponding to the BB*m and B*B* 1 signals are evident. Three models
are used to fit the M (7) distributions: only the Z,(10610) [Z,(10650)] amplitude [Model-0], an
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Figure 4: The results of the combined fit to ete™ — @xc0, 7T he, 7 J/y, and D°D*~ 1" +c.c. (from
the top to the bottom row). The dots and the triangles with errors bars are data from BESIII. The solid curves
are the projections from the best fit. The dashed curves show the fitted resonance components from different
solutions indicated in the top right corner in each plot.

additional possible non-resonant component [Model-1], and a combination of two Z;, amplitudes
[Model-2]. The fit to the BB* 7 data with Model-0 gives 10605 £ 6 MeV/c? and 25 +7 MeV for the
Z,(10610) mass and width, respectively, and the fit to the B*B*7 data gives 10648 + 13 MeV/c?
and 23+ 8 MeV for the Z,(10650) mass and width, respectively. Assuming that the Z,(10610) and
7,(10650) are saturated by the already observed Y(nS)7, hy,(mP) 7, and B*B™*) channels, the decay
rates are summarized in Table .

5. Conclusion

In summary, there have been great progresses in the study of the XY Z states, especially Belle
and BESIII are still producing more exciting results. However, we found we have more questions
to answer. Further studies along this line may strengthen our understanding of how strong inter-
action works at low energy and thus a better understanding of the matters around us. The Belle 11
experiment is going to take data in 2018. With a 50 ab—! data sample by 2024, the future is very
promising.
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Table 1: Branching fractions for the Z, (10610) and Z, (10650) decays.

Channel Fraction, %

Z,(10610) Z,(10650)
Y(1S)z+ 0.60+0.17+0.07 0.17+0.06+0.02
Y(2S)z+ 4.05+0.81+0.58 1.38+0.45+0.21
Y(3S)z+ 2.40+0.58+0.36 1.62+0.50+0.24
hy(1P) ™t 426+1.284+1.10 9.23+2.88+2.28
hy(2P) ™t 6.08+2.15+1.63 17.0+3.74+4.1
BB+ BB+ 82.64+29+23 —
B*tB*0 — 70.6+£4.9+4.4
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