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Exotic states with quark content different from conventional baryons and mesons are of high
interest in the hadron spectroscopy field. Over the last decade, more than a dozen of XY Z particles
- good candidates for exotic states - were discovered experimentally, of which leptonic machines
play an extremely important role. The X (3872) is the first exotic state which was discovered
by Belle in 2003, and by now still remains quite puzzling for its nature. Following the X (3872),
there are also quite mysterious 1™~ Y-family observed by BABAR and Belle. Recently, the BESIII
experiment takes more than 5 fb~! data above 4 GeV, which also enable us to study the XYZ
particles efficiently. In 2013, BESIII Collaboration discovered the charged charmoniumlike states
Z.(3900), which is a convincing exotic state with at least four quarks inside. In addition, BESIII
also has studied X (3823), X(3872), and Y (4260) in an unique way. In this talk, I'll review the

recent progress on exotic states with leptonic machines.
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1. Introduction

By decades, people know from the quark model [[] that hadron matter existing in our universe
is composed of 3 quarks (baryon) or quark anti-quark pairs (meson). However, QCD (the theory
to describe strong force, which bind quarks together), allows new forms of hadron matter in our
universe, such as multi-quark states, hybrid states, glue balls and so on. Such kind of new hadrons
are referred as exotic states. Although exotic states are expected from the theoretical point of view,
we are still lack of convincing evidence for them experimentally. Only until the last ten years, lots
of new particles in the charmonium (bound state of charm quark and anti-charm quark) mass region
were observed. These new particles show different features with normal charmonium states, and
are good candidates for exotic states (they are called charmoniumlike states or XY Z particles).

In 2003, the Belle experiment observed a new charmoniumlike state X (3872) [B], which is the
first candidate for a four quark state. Later, the BABAR experiment observed another new vector
charmoniumlike state ¥ (4260) [B, H], which is also quite exotic. Although neutral charmoniumlike
states are promising candidates for exotic hadrons, there is still big challenge in how to distinguish
them from conventional charmonium states. However, this ambiguous situation has been changed
since 2013, when a new charged charmoniumlike state Z.(3900) discovered by the BESIII Collabo-
ration [B], and immediately confirmed by Belle Collaboration [B] and CLEO-c’s data [@]. Z.(3900)
carries electric charged, which obvious can not be normal charmonium. The minimal quark content
of Z.(3900) should be a four quarks combination [8].

The exciting discoveries of XY Z particles have stimulated worldwide efforts in studying them,
among which, the leptonic machines play a significant role.

2. The vector Y-family

The leading-order hadron production in a leptonic machine is e e~ — ¥* — ¢g, i.e. through
+

single photon annihilation process. Thus, the direct produced hadron state via e"e™ annihilation
shares the same quantum number with photon, i.e. J*¢ = 1=~ Exotic state which was produced in
such kind of way was usually called Y-state. There are two typical approaches to study Y-state in
a ee” machine, via direct production (scanning experiment such as BESIII, CLEO-c) and initial-
state-radiation (B-factories such as BABAR and Belle). Figure [l shows the luminosity collected by
BESIII and the equivalent initial-state-radiation (ISR) luminosity in the charmonium energy region
of Belle by taking 967 fb~! data at (or near) /s = 10.58 GeV.

Using the ISR technique, the BABAR experiment studied the ete™ — ysgm™ 7 J /W process,
and observed a new resonance Y (4260) [B]. The same process has been studied by Belle, in-
stead of one resonance, Belle observed two resonances Y (4008) and Y (4260) [E]. With more
statistics, both BABAR and Belle updated their measurements. Figure D shows the recent mea-
surements from BABAR and Belle. Both experiments confirmed the Y (4260) resonance (BABAR
reported mass 4245 - 5(stat) = 4(sys) MeV/c? and width 11471$(stat) £ 7(sys.) MeV for ¥ (4260),
while Belle reported mass 4258.6 + 8.3(stat) 4 12.1(sys.) MeV/c? and width 134.1 4 16.4(stat) +
5.5(sys.) MeV), but show a discrepancy for the ¥ (4008) state. The Belle experiment still shows an
enhancement near 4 GeV, which is consistent with Y (4008) [B]. Whereas, the BABAR experiment

observed an increasing exponential shape near 4 GeV [H]. The good news is that the BESIII ex-
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Figure 1: The integrated luminosity collected by BESIII (left) and equivalent ISR luminosity by Belle with
967 tb~! data at (or near) /s = 10.58 GeV (right).

periment has already accumulated lots of scanning data sets in this energy region (c.f. Fig. M), and
might be able to settle down the controversy in the near future. With the similar method, the Belle
experiment has studied ee™ — ysrm T W(2S) process. Two vector resonances Y (4360) (mass
4361 £949 MeV/c? and width 74 + 154 10 MeV) and Y (4660) (mass 4664 41145 MeV/c? and
width 48 £ 15 £ 3 MeV) have been observed [Id]. BABAR also updated the same process with its
full luminosity, and the results agree with Belle’s observation [[], as seen in Fig. B.
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Figure 2: The ete™ — 772~ J/y mass distribution by Belle (left) and cross section by BABAR (middle);
and ete™ — 7~ y(2S) mass distribution by Belle and BABAR (right) with ISR method.

With the scanning data sets taken between 3.8 and 4.6 GeV, the BESIII experiment was able to
study vector Y-state in direct e*e~ annihilation. Using about 2.7 fb~! data taken between 4.21 and
4.42 GeV, the BESIII experiment has studied the ete™ — @y, process. Significant @y, events
has been observed at 4.23 and 4.26 GeV, with measured Born production cross section (55.4+6.0+
5.9) pb and (23.7 £5.3+3.5) pb, respectively [[2]. By studying the energy dependent production
cross section, BESIII finds it is inconsistent with the line shape of the Y (4260) resonance, which
hints for new resonant structure. Assuming the @x.o events come from a single resonance, BESIII
extract the mass and width of the resonance to be 4230 &8 46 MeV/c? and 38 + 12 +£2 MeV,
and the statistical significance more than 9¢. Figure B shows the energy dependent cross section
line shape of eTe™ — @).o, and the corresponding fit assuming it’s from Breit-Wigner resonant
line shape. In addition to @Yo, both Belle and BESIII have investigated other exclusive channels.
Figure B shows the e*e™ — nJ/y [3] and 1'J/y cross sections [[4]. Belle suggest the nJ/y
process comes from y(4040) and y(4160) decay. BESIII’s cross section is consistent with Belle



Exotics in leptonic machines Zhiqing LIU

within errors, but shows possible enhancement near 4.2 GeV, which might be similar with the @y
case. For n'J/wy, the current precision from BESIII is low and it seems featureless. More data is
needed to investigate whether there is possible structure existing.
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Figure 3: The measured energy dependent ete™ — @y (left), et e™ — nJ/y (middle) and eTe™ —n'J/w
(right) cross sections by BESIII and Belle.

3. The exotic X-states

The unknown exotic X-state is always interesting and mysterious. By studying B — KYx.1
process, the Belle collaboration observed a new resonance X(3823) — yx.1 with significance
3.80 [[@]. The measured mass is 3823.141.840.7 MeV/c?, and its width are quite narrow. Using
a different approach, the BESIII collaboration studied eTe™ — 7w~ ¥y, process with 4.67 fb~!
data above 4 GeV. By investigating the 77 7~ recoil system with a good resolution, the BESIII col-
laboration observed the X (3823) resonance with 6.20 statistical significance [[8], and its measured
mass 3821.7 & 1.3 £0.7 MeV/c? agrees quite well with Belle. Thus, the X (3823) resonance was
firmly established by BESIIL. Figure B shows the X (3823) signal by Belle in B meson decay and
by BESIII in e™ e~ production. By further studying the decay ratio of % [3, Id], both
BESIII and Belle support it’s a perfect candidate for the missing y/(1°D,) charmonium state. The
observation of X (3823) also rules out the possibility that the X (3872) is the y(13D,) charmonium.
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Figure 4: The measured BT — K¥ Yy, mass distribution by Belle (left) and e*e™ — 777~y mass
distribution by BESIII (right).

The X (3872) is still the most puzzling particle more than 10 years after its discovery [B]. In
order to understand its nature, various studies toward its properties are ongoing. Among these
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efforts, the BESIII collaboration’s recent search for the ete™ — yX(3872) process above 4 GeV
looks quite interesting. BESIII indeed has observed the X (3872) state with 6.30 statistical sig-
nificance [IZ], and measure its mass to be 3871.9 +£0.7 + 0.2 MeV/c?, which agrees quite well
with other experiments. Figure B shows the X (3872) signal observed by BESIIIL. In addition to
the X (3872) observation, BESIII also measured the energy dependent production cross section of
ete” — yX(3872), and find it strongly suggested the decay of Y (4260) — yX(3872). Figure B
shows the cross section line shape of ete™ — yX(3872) and a fit to it using Y (4260) line shape.
The observation of the decay Y (4260) — yX(3872) for the first time brings two exotic states to-
gether, and may hint a common nature for their internal structure.

— T o 0.6
15_— + Data - 2 F —4- data
© [ — Total fit 5 05 e
S i ] >) E ----- Phase Space
© oL === Background 7] F 0.4 --- Linear
2 | =g r
© 1 7 o03fF
% 5[ ] ",lT 0.2F
Ul 2
1 X 0.1~ .
i 2 E
I T ) ) g T
%.8 3.85 3.9 3.95 4 4.1 4.2 4.3 4.4 4.5
M(TTTTd/P) (GeVic?) E., (GeV)

Figure 5: The X (3872) — & 7~ J/y mass distribution (left) and energy dependent e*e™ — ¥X (3872) cross
section (right) by BESIII.

4. The charged Z. states

Carrying electric charge is the obvious feature of the Z, states, and it definitely becomes the
most important signal to distinguish Z, state from normal charmonium, which is neutral. In 2013,
the BESIII collaboration announced the observation of a new resonance Z.(3900) — 7%J /v, with
mass 3899.0 + 3.6 £4.9 MeV/c? and width 46 & 10+ 20 MeV [B]. The Belle collaboration also
report this observation at the same time, with measured mass 3894.5 + 6.6 +4.5 MeV/c? and width
63 +24 426 MeV [B]. The Z.(3900) state was confirmed immediately by CELO-c data [@], with
mass 38864644 MeV/c? and width 33 +6+7 MeV. Figure B shows the Z.(3900) signal observed
by BESIII, Belle and CLEO-c’s data. All the measurements from three experiments agree well with
each other. Thus, the Z.(3900) state is the first charged charmoniumlike state to be confirmed by
several experiments. Z.(3900) can not be normal charmonium, since it carries electric charge. The
minimal quark content of Z.(3900) is a four quarks combination, such as ccud.

Since Z.(3900) is a charged state, it’s natural to think whether its neutral partner Z.(3900)°
exists. BESIII has searched for the process e*e™ — n°7%7 /y, and found a neutral structure in the
7o /¥ invariant mass distribution with significance 10.4c [[8]. Its mass and width are measured
to be 3894.8 +2.3 +3.2 MeV/c? and 29.6 + 8.2+ 8.2 MeV, respectively. Figure @ shows the
Z.(3900)° signal observed at three different central-of-mass energies. The observation of neutral
candidate has established the iso-spin triplet of Z.(3900). The mass of Z.(3900) is quite near the
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Figure 6: The Z.(3900) — n*J/y invariant mass distribution by BESIII at /s = 4.26 GeV (left), Belle
using ¥ (4260) decay (middle) and CLEO-c’s data at /s = 4.17 GeV (right).

threshold of DD* meson pair. Thus, people are thinking whether Z.(3900) has a strong coupling to
DD+ final state. Motivated by this idea, BESIII has studied the e"e™ — 7% (DD*)T process, and an
enhancement near DD* threshold was observed with mass 3883.9 4+ 1.5 +4.2 MeV/c? and width
24.843.34 1.0 MeV [[@]. Figure @ shows the structure observed in (DD*)* mass distribution.
It’s quite possible DD* is another decay channel of the Z.(3900) state. Taking this assumption, we
also got I'[Z.(3900) — DD*]/T'[Z.(3900) — n*J/y] = 6.2+ 1.142.7. BESIII also determined
the quantum number of Z,(3900) to be J© = 17 in DD* final state by studying its scattering angular
distribution.
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Figure 7: The Z.(3900)° — 77 /y (left), Z.(3900) — D°D*~ (middle) and D D*0 (right) mass distribution
by BESIIL

Inspired by the Z.(3900) discovery, BESIII also has studied the e*e™ — n* 7~ h. and n°7%%,
processes. By studying the 7%h, invariant mass distribution, a distinct structure Z.(4020) was
observed with > 8.9¢ significance [Z0]. The mass and width of this structure are measured to
be 4022.9 +0.8 £2.7 MeV/c? and 7.9 £2.7 £ 2.6 MeV, respectively. Also by studying its isospin
neutral channel, BESIII observed a neutral structure Z,. (4020)0 — 7%, with 5.00 significance [ZT].
Its mass is 4023.94-2.2 4 3.8 MeV/c?, which agrees with the charged partner quite well. Thus an
iso-spin triplet of Z.(4020) was established. Figure B shows the charged Z.(4020) and neutral
Z.(4020)° signals by BESIIL

Since the mass of Z.(4020) was near the D*D* meson pair threshold, people are thinking
whether it has strong coupling to D*D* final state. Motivated by this idea, BESIII has studied
the ete™ — m(D*D*)T process, and an enhancement Z.(4025) near D*D* mass threshold was
observed with > 100 significance [E2]. Its mass and width are measured to be 4026.3 +2.6 &
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Figure 8: The Z.(4020) — nth, (left), Z.(4020)° — 7%, (middle) and Z.(4025) — D*D* (right) mass
distribution by BESIII.

3.7 MeV/c? and 24.8 +5.647.7 MeV, respectively. Figure B shows the Z.(4025) signal. The mass
of Z.(4025) agrees well with Z.(4020), however, has a much larger width.

The Belle experiment also tries to search for charged charmoniumlike state with its huge
data sets. By studying eTe™ — ysrm" 1~ w(2S) process, Belle has observed resonant structures
Y (4360) and Y (4660) [I]. With the full data sets of 980 fb~! luminosity, Belle can probe the in-
termediate state in ¥ (4360) — 7~ y(2S) decay. By studying the 7% y(2S) invariant mass distri-
bution, Belle observed a 3.50 evidence for the Z.(4050) structure, with mass 4054 +£3 41 MeV/c?
and width 45+ 11 £ 6 MeV [3]. Figure B shows the Z.(4050) signal, which is quite similar with
the Z.(3900) and Z.(4020) observed in charged pion and charmonium final state. Belle also tries
to search for charged charmoniumlike state with B meson decays, such as B¥ — K*x7J/y with
711 fb~! data [24]. By using amplitude analysis, Belle observed a new broad structure Z,.(4200)
with 6.20 significance, and also 4.00 evidence for the broad Z.(4430) structure. Figure B shows
the Z.(4200) signal, with mass 419673011 MeV/c?, and width 370 £ 70™79, MeV.
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Figure 9: The Z.(4050) — 7% w(2S) mass distribution (left) and Z.(4200) — 7*J/y mass distribution
(middle and right) by Belle.

5. Summary

Leptonic machines always play a significant role in the studying of exotic states, with the
advantage of clean background. While the X and Y candidates are difficult to distinguish from
conventional charmonium, the charged Z states are solid. However, it’s still a big challenge to
understand the exact quark configuration, such as tetraquark, hadron molecule and so on, inside
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these XY Z particles. The coming Belle II experiment and more data from BESIII experiment are

expected to improve the current situation.
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